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ABSTRACT 
A study was undertaken of the dispersancy characteristics of different detergent / 
dispersant additive packages in the piston ring zone of two operating internal 
combustion engines (single cylinder diesel and petrol) utilising top ring zone sampling. 
The dispersant type, treat level and detergent type of two succinimide dispersants at 
zero, half and full treat with two different detergents, a mixed salicylate type and a 
phenate / sulphonate type was studied. A blotter spotter method was developed by 
improving the method of spot size measurement by using Thin Layer Chromatography 
(TLC) plates and a TLC fluorescence scanner. This enabled an accurate measure of spot 
size expressed as a ratio of soot spot to overall oil front. It was concluded that, in the 
piston ring zone, dispersancy is almost independent of dispersant type and treat rate, 
rather the detergent package affords the dispersancy characteristics in the piston ring 
zone. A method for laser scattering particle size analysis was developed using a 
Malvern Mastersizer S to determine particle size distributions of the insolubles in the 
above diesel ring zone oil samples. Observations are that distinct particle size bands 
occur at -0.8/1m, 5-12/1m and >12/1m. In certain cases the clear particle agglomeration 
was observed in the ring zone over the course of the engine run where the -0.8/1 m size 
band was declining at the same time as the 5-12/1m size band was increasing. 
Morphology studies arising from the particle size work is also covered utilising 
scanning electron microscopy (SEM), atomic force microscopy (AFM) and energy 
dispersive x-ray analysis (EDX) techniques to show that sub-micron (-20nm) 
particulates are also present with the -0.8/1 m particulates. The larger particles (> 12/1 m) 
were also shown (by SEMIEDX) to be a distinctly different type consisting mainly of 
calcium, aluminium, oxygen, sulphur, magnesium and iron. These particles are most 
probably sulphates of calcium and magnesium with some wear particles and originate 
from the detergent portion of the additive pack. 
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1.1 Background 
1.1.1 Rationale 
The drive by engine manufacturers and lubricant formulators to reduce emissions 
from engines has led to widespread concern for the current lack of understanding of 
how lubricants degrade in the piston ring zone. This has become more important as 
government legislation has driven down the limits of emissions from engines l . As 
emissions from combustion have decreased, so the contribution from lubricants must 
be reduced. To comply with new regulations, emission control piston ring pack design 
has been developed so that there is less lubricating oil in the piston ring zone. 
Therefore formulated engine oil, must now perform under more severe conditions 
with a much thinner layer of lubricant, leading to physical and chemical breakdown of 
the lubricant and additive pack. 
A consequence of reducing NOx emissions from diesel engines (by the use of retarded 
ignition timing or exhaust gas recirculation, EGR) is the increased levels of soot in 
crankcase oils1.3.4.5.6. This potentially unregulated growth of particulate matter has 
also proved detrimental to wear related problems in areas of an engine in a state of 
boundary lubrication, such as the valve train. Various researchers have cited 
particulate agglomerations as the primary factor in valve train wear and the abrasive 
nature of these particulates are implicated in anti-wear deterioration7•8,9. 
The escalating cost of running standard engine tests requires a more fundamental 
approach to be taken. The oxidation of lubricating oils results ultimately in the 
formation of carbon particulate that also consists of oil additives, which may have 
undergone thermal or oxidative changes and finely dispersed metallic wear particleslO• 
The development of crankcase lubricants is performed mostly on a semi-empirical 
basis, due to a limited understanding of exactly how certain additives function in 
operation. 
Evidence to suggest that detergent I dispersant additives in an engine oil were not 
being effective in the piston ring zone was highlighted by Jonesll who observed that 
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the particulate size distributions, tested by laser scattering particle size analysis, of 
ring zone oil samples taken from an operating Caterpillar 3406B six cylinder diesel 
engine, showed particulate agglomerations that were much larger in size than those oil 
samples taken from the sump in the same test. This led to the conclusion that the 
detergent / dispersant additives were not performing optimally in the piston ring zone 
and were allowing soot, formed as a by-product of combustion in a diesel engine and 
swept from the bore wall to be entrained in the ring zone lubricant, to agglomerate 
into larger particles. The dispersant / detergent properties of the lubricant appeared to 
be effective in the sump oil where temperatures (-SO-ISOOC) are much lower than the 
temperatures the lubricant experiences in the upper piston ring zone (-2S0-3000 C). 
The effect of these larger soot particulates in the ring zone will lead to increased wear 
of the bore and rings, leading to an increase in blow-by. Also, if soot is allowed to 
agglomerate for a length of time, it settles on the surfaces of the piston and rings to 
gradually reduce the effectiveness of the ring pack leading to increased emissions 
contribution from the lubricant. Ultimately, this results in piston rings 'sticking', 
increased emissions (also catalyst degradation from ash content of combusted lube 
oil12) and subsequent failure of the engine. 
1.1.2 Top Ring Zone Sampling 
This is a sampling technique performed by the Lubricants Research Group, under 
Professor Malcolm Fox, in the Department of Chemistry at De Montfort University, 
Leicester. The technique involves sampling lubricant from an operating engine by 
taking the oil directly from the piston ring zone. The philosophy of the method is that 
sampling the oil from the reaction zone (the area of highest temperature in an engine) 
will give the chemist highly degraded lubricants within ten operating hours that would 
take up to 250 hours in a traditional engine test for a similar level of degradation. The 
reason for this is that ring zone oil samples are not diluted by the sump oil. 
To sample oil directly from the ring zone of an operating engine requires extensive 
modification of the engine to take the sampling system. The design of the sampling 
system is generally engine specific as each system is designed to tackle the physical 
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problems that arise when a sampling system is subjected to severe operating 
conditions within an engine. This study used a Petter AAI, air cooled single cylinder 
1.86 kW diesel engine, with a flying tube top ring zone sampling system that has 
previously been described by Cupples13,14 and a Petter WI, single cylinder 2.46 k W 
water cooled gasoline engine, with a flying tube top ring zone sampling system that 
has previously been described by Thomson15. 
Oil sampling using a flying tube technique involves a hole being drilled through the 
piston from the back of the of the top ring groove to the underside of the piston crown 
(Figure 1-1). A small bore steel tube, that affords some flexibility, is attached to the 
underside of the piston crown via a boss connected to the drilled hole in the ring 
groove, and this tube runs down the side of the connecting rod to an attachment at the 
big end. 
HPLC stec\ tubing 
Crankcase extension box 
Cylinder Wall 
PTFE Tubing 
Sample vial 
Figure 1·1 Flying Tube Top Ring Zone Sampling System 
The steel tube is clamped along its length, apart from the section at the small end to 
allow for the relative motion between the piston and the connecting rod. A flexible 
PTFE tube is then connected to the steel tube at the big end. This unsupported section 
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of PIFE tube then loops out of the engine via a hole cut into the crankcase wall, into a 
crankcase extension box, which is lined with PTFE sheets, and clamped as the tube 
passes out of the crankcase extension box to the oil sample vial. The aim of the 
unsupported section of tube is to flex, such that the rotating movement of the big end 
versus the stationary clamp at the extension box, can be accommodated. 
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1.2 OiVAdditive Formulations 
The study centred around two matrices of oils. The first matrix was set down in 
conjunction with formulators at the Castrol Technology Centre at the outset of the 
project. The second matrix of oil samples was formulated in response to the emerging 
direction the research was taking. 
To control the cleanliness of the oil and piston ring / grooves in the piston ring zone, 
an oil formulator must pay attention to the make up of the additive package, 
particularly in terms of the quantity and type of dispersants and detergents used (a 
more in depth review of dispersant and detergent chemistry is included in chapter 2). 
The performance of an oil in this zone is traditionally evaluated by piston ring/ groove 
rating for cleanliness / detergency and by the viscosity increase of the sump oil for 
evaluation of the dispersancy. Currently the European ACEA Oil Sequences, which 
determine European oil performance levels evaluate detergency (via ring sticking and 
piston cleanliness) in diesel engines in the VW ICTD (CEC-L-46-T-93) or VW TDi 
(CEC-L-78-T-97) engine tests and dispersancy (via sump oil viscosity increase and 
piston cleanliness) in diesel engines in the PSA XUDIIBTE (CEC-L-56-T-98) engine 
test. 
Of particular interest in this study is the action of the dispersant in the piston ring 
zone. Current techniques in engine tests only evaluate dispersancy of an oil by 
examining the bulk sump oil viscosity. The samples are taken from sump oil at the 
end of test. However, the dispersant is likely to perform in a satisfactory manner in 
the sump due to the low temperatures involved (80-I50a C). In the piston ring zone 
(where temperatures can be as high as 300DC) it is likely that the dispersant does not 
perform satisfactorily. If the dispersant is not functioning in the desired manner in the 
piston ring zone, then potential unregulated agglomeration of primary soot particles is 
possible. The function of the detergent then becomes more critical because it needs to 
perform some residual dispersant action and needs to work harder at keeping the 
piston ring and groove surfaces clean 
6 
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A careful balance of dispersant and detergent types and treat rates is necessary to 
achieve the desired performance in the industry tests, along with satisfying the 
commercial and logistical interests of the oil marketer. The most common detergent 
types are those typified by mixed salicylate and calcium phenate / sulphonate 
detergent packages. The most common type of dispersant used are succinimides. The 
oil matrices were chosen to include these three components and to evaluate the 
interaction of these additives and their performance in the piston ring zone in an 
operating engine, through examination of piston ring zone oil samples, rather than 
piston ratings and sump oil viscosity. The dispersant treat rate was varied to examine 
confirm whether the dispersant actually performs at all in the piston ring zone. 
1.2.1 First Matrix of Oils 
The samples under test in this study were initially a range of related lubricants 
grouped into a matrix to cover differences in dispersant treat rate and using two 
different detergents in the additive package (Table 1-1). A full dispersant treat rate in 
this formulation to afford typical fully formulated oil dispersant performance is 6%. 
At half of this treat rate, balanced with the make up of other components in the 
formulation is 3.1 %. 
Table 1·1 First Matrix of Formulations 
}'ormulation Detergent "'Dispersant Treat (%) 
57A phenate / sulphonate 6 
57B phenate / sulphonate 3.1 
57C phenate / sulphonate 0 
58A mixed salicylate 6 
58B mixed salicylate 3.1 
58C mixed salicylate 0 
the dIspersant IS a high M.W. thermal succlmmlde 
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1.2.2 Second l\Iatrix of Oils 
After the completion of the initial results (blotter spotter test and particle size 
analysis) and under discussion with formulators at Castrol, it was decided that a 
second similar matrix of oils be formulated and tested. At this stage it was decided 
that the study be narrowed in it's scope to concentrate on diesel engines and so the 
dispersant additive was changed to a type more commonly found, and regarded by the 
formulators to be more effective, in diesel engine oil formulations of the time. In all 
of the formulations of the lubricants all other base oil, additive package components 
and treat rates were kept consistent. A summary of the second oil matrix is shown in 
Table 1-2 
Table 1-2 Second Matrix of Formulations 
Formulation Detergent "'Dispersant Treat (%) 
57D phenate / sulphonate 6 
57E phenate / sulphonate 3.1 
57F phenate / sulphonate 0 
58D mixed salicylate 6 
58E mixed salicylate 3.1 
58F mixed salicylate 0 
.. 
the dIspersant IS a lower M.W. thermal succInlmlde 
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1.3 Experimental Testing 
1.3.1 Types of Laboratory and Engine Tests 
Laboratory tests can be useful in studying dispersant and detergent effects of 
lubricating oils. Oxidation and detergency can be studied in the laboratory using hot 
tube tests. This type of test flows heated oil (from a reservoir) over a hot tube 
(maintained at a specified temperature, using a temperature gradient across the tube or 
cycling the temperature of the tube) in a repeated cycle to simulate the conditions of 
an operating engine. Tubes of differing metallurgies can be used to simulate different 
engine metallurgies. The deposit on the tube at the end of test is correlated against 
piston merit from the engine test that the cycle was attempting to correlate too. The 
properties of the bulk oxidized oil are also examined and correlated. The current 
variant of this test, TEOST MHT _416 is used in the American API Heavy Duty Diesel 
Oil categories and attempts top back correlate against the European Gasoline Engine 
test, the PSA TU3HT (CEC-L-55-T-95). Correlation is not wholly successful, and 
there is widespread concern in the industry that this test cannot adequately replace a 
full engine test. 
Carbon black can be dosed into fresh engine oil to study dispersant effect, particularly 
with regards to bulk oil viscosity. Furthermore, these artificially sooted oils can then 
be examined in a variety of reciprocating wear tests, such as the four ball, the 
Cameron Plint, the pin-on-disk and others (selected according to the lubricating 
regime of the engine components under study). This has never been regarded as 
adequate as soot in a diesel engine has a different morphology to carbon black and the 
dispersants respond differently to this as a surrogate soot. Engine tests are preferable 
and the PSA XUDIIBTE (CEC-L-56-T-96) remains the standard. 
Complex reaction and interactions take place in an operating engine that cannot all be 
accounted for in laboratory tests that study specific areas and this accounts for the 
difficulties in correlation to known engine test performance with this type of 
approach. 
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1.3.2 Engines used in this Study 
The Petter AA 1 and WI single cylinder engines were chosen for this study for a 
number of reasons. Firstly, top ring zone sampling has already been demonstrated and 
installed on these engines at De Montfort University, so development was minimal, 
the test cycles were already defined and the sampling system integrity was already 
well understood. Single cylinder engines are also logistically easier to handle in a 
research environment, requiring less space, less fuel, less time and cost to maintain 
and show little compromise versus the multi-cylinder equivalents in terms as a 
research tool. Single cylinder engines are much more versatile when it comes to 
modifications for fitting top ring zone sampling systems. 
Petter AAI Single Cylinder Diesel Engine 
This engine was run under the following conditions: 
• Oil Pressure - 0.2 bar 
• Exhaust Temperature - 550°C 
• Bore Temperature at Top Dead Centre -150°C 
• Sump Oil Temperature - 70°C 
• Engine Speed - I500rpm 
• Engine Load - 24 Nm 
Petter WI Single Cylinder Gasoline Engine 
This engine was run under the following conditions: 
• Oil Pressure - 0.2 bar 
• Exhaust Temperature - 550°C 
• Coolant Temperature -110°C 
• Sump Oil Temperature - 100°C 
• Engine Speed - 1500 rpm 
• Engine Load - 33 Nm 
10 
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1.3.3 Engine Runs 
All twelve ofthe formulations from the two oil matrices were tested at 1500 rpm. in a 
Petter AA 1 single cylinder diesel engine in duplicate using top ring zone sampling for a 
total of eight hours in each case sampling every hour. A final sump oil sample was also 
taken. The formulations from the initial matrix (Table 1-1) were also tested at 1500 rpm. 
in a Petter WI using top ring zone sampling for a total of six hours in each case sampling 
every hour. A final sump oil sample was also taken. The diesel fuel used throughout was 
standard pump diesel (0.25% sulphur) and the gasoline fuel was standard pump 
unleaded. Prior to analysis, the oil samples were placed on roller apparatus for two hours 
to ensure sample homogeneity. 
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1.4 Analysis 
The blotter spotter method developed and described in Chapter 3 is an investigation into 
remaining useful dispersancy of used top ring zone oils. Further investigations 
examining particle size distributions in the top ring zone oil by laser scattering particle 
size analysis follow in Chapter 4. Finally electron microscopy techniques in Chapter 5 
were developed to examine the morphology of the particulates observed in the particle 
size investigations. 
1.4.1 Blotter Spotter Test 
This type of test is commonly used for generic analysis of remaining useful dispersancy 
of used oils. It is a quick and cheap field method and is unfortunately not quantitative 
requiring skilled judgement of the analyst to interpret the results. Samples tend to be 
condemned if they show only obvious signs of having very little dispersant capacity left. 
The test would be much more useful as an analytical technique for remaining useful 
dispersancy of used oils if the measurement technique can be improved upon rather than 
relying on the analysts eye and judgement. 
For this type of test to be useful to this study of the effectiveness of dispersant / detergent 
types in the top ring zone of an engine then some development of this technique towards 
being quantitative is necessary. Chapter 3 describes the steps towards this goal, applying 
a fluorescence TLC scanner to the spot size measurement and improving upon the 
support material to silica gel TLC plates. 
1.4.2 Particle Size and Aggregation Analysis 
The study of the distribution of the size of soot particles from oil samples taken from the 
top ring zone is necessary to this study. Information on the formation of initial 
agglomerations of soot particles entrained in the oil in the piston ring zone and further 
growth to aggregations can yield information as to the effectiveness of the dispersant / 
detergent additive system and its performance in the piston ring zone. 
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One technique that can be used to study particle size distributions from powders to 
suspensions is laser scattering particle size analysis and this technique was developed (in 
Chapter 4) for the study of used oil samples. The technique has a very wide base of 
application and was relatively simple to tum to the study of ring zone oil samples 
requiring only attention to the amount of sample dosed into the system, the choice of 
sample receptacle in the instrument and the choice of solvent to suspend the particulate. 
1.4.3 Morphology 
For fundamental analysis of the type of soot, size and shape produced in the ring zone oil 
samples from this study, electron microscopy techniques were used. Laser scattering 
particle size analysis gave information on the size distributions of particulate but 
assumed spherical particulate in the calculations. Electron Microscopy was developed, 
particularly with respect to sample preparation for the study of the particles present in 
used oil samples. Introduction of particulate into an electron microscope is especially 
difficult requiring attention to be paid to the technique of separation from the oil and 
choice of sample support. Compositional analysis of some highlighted particulate was 
also undertaken utilising the electron microscope with energy dispersive x-ray analysis 
using image manipulation techniques to study the results 
13 
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1.5 Aims and Objectives 
1.5.1 Statement of Aims 
The aim of the research was to determine whether detergent / dispersant additives in 
fully formulated engine oil were acting effectively in the ring zone of an operating 
internal combustion engine using top ring groove oil samples. Supporting this, 
development of analytical techniques to facilitate the above and development of 
particle sizing and electron microscopy techniques to study particulate size 
distributions and morphology of insolubles in the top ring groove oil samples 
1.5.2 Objectives 
• Use top ring zone sampling in an operating internal combustion engine on two 
matrices of lubricants where the lubricants differ in detergent and dispersant 
additive, composition and type 
• Use top ring zone sampling in low speed, single cylinder petrol and diesel engines 
on the above formulations 
• Develop Blotter Spotter technique to investigate remaining useful dispersancy of 
the above degraded lubricants from the top piston ring zone 
• Measure particle size distribution of the above degraded lubricants from the top 
piston ring zone 
• Microanalysis of the degraded lubricant sample by TGA and Particle Size 
Analysis 
• Investigate the morphology of particulate from a typical top ring zone oil samples 
from a diesel engine using electron microscopy techniques 
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1.6 Layout of Thesis 
This thesis continues in Chapter 2 with a review of lubrication regimes, lubrication 
system requirements, background on oil additives and their uses and a history of top 
ring zone sampling. Chapter 3 describes the Blotter Spotter Test work, Chapter 4 the 
Particle Size Analysis work and Chapter 5 the morphology studies using Electron 
Microscopy techniques. Chapter 6 reviews and concludes the work in the thesis. 
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2 Historical Review. 
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2.1 Lubrication, Friction and 'Year 
2.1.1 Brief History 
It was the ancient Egyptians who first discovered the use of animal fat (tallow) as a crude 
boundary lubricant in the axles of their carts and chariots·. This type of lubrication, 
where the lubricated surfaces can sti]] come into occasional contact, prevailed 
throughout the middles ages (AD450-l450) and up until the Industrial Revolution 
(AD l750-l850l This brought on the invention of the steam engine and the consequent 
introduction of bearing surfaces in rapid relative motion. This was instrumental in 
stimulating a much improved and as yet unexploited technique of lubrication, in which 
the bearing components were no longer in occasional contact, as in boundary lubrication, 
but were separated by a fluid film thick enough to prevent any contact at all. To achieve 
this the bearing geometry was designed such that a wedge of lubricant was formed in the 
travelling direction of the bearing and this type of lubrication became known as 
hydrodynamic lubrication. 
The discovery of plentiful supplies of mineral oil in the mid-nineteenth century aided 
this type of lubrication regime and by the end of this century the mechanisms of 
lubrication regimes were just about understood and expressed in mathematical terms. 
Since then much research has been done into understanding and improving on the 
various types of lubricating regimes that prevail in machinery. 
2.1.2 Primary Requirements of Lubrication 
It is possible for friction, and consequently wear, to be almost entirely eliminated if the 
moving surfaces are prevented from contact by a lubricant film. This is the basic 
requirement of a lubricant. 
Separation of the surfaces is not the only function of a lubricant. It must also have 
cooling properties to reduce local heat produced from friction, must have an inherently 
high shear strength and must not itself contribute to any corrosive mechanisms of wear. 
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The necess ity of fulfi lling these basic requirements res tri cts the choice of success ful 
lubricants to a limited number of commerciall y available materials of which mineral oi ls 
form by far the largest category. 
2.1.3 Theory of Friction 
It was Leonardo Da Vinci who deve loped his idea of fri ction into the two fundamental 
laws of fri ction : 
- First Law : The frict ional force is independent of the area of contact. 
- Second Law : The fri ctional force is proportional to the load. 
Friction can be defined as 'resistance to movement' and is represented in Figure 2- 1. 
F = c W w 
Figure 2-1 Sliding Friction. 
A body of weight W rests on a surface and a certain minimum lateral force will need to 
be app lied to the body to overcome the friction between it and the surface before sliding 
wi ll occur. If F is the force required to just balance the res isting force of friction so that 
an increase would cause the body to slide then, 
F=cW, 
where the coeffici ent of fri ction is given by c. A lubricant reduces the coefficient of 
friction between the surfaces, whi ch translates to less force needed to produce relati ve 
motion . 
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2.1.4 Lubrication Regimes 
Optimum conditions of lubrication exist when the sliding surfaces are separated by a 
film of oil thick enough to prevent any metal-to-metal contact. This means that the 
minimum film thickness must be several times greater than the sum of the individual 
surface roughness measurements of the bearing components. Such films can either be 
maintained by an externally pressurised oil supply system, known as hydrostatic 
lubrication, or be self-generated by favourable surface geometry and a relative sliding 
velocity high enough to produce laminar flow, called hydrodynamic lubrication. The 
most undesirable conditions in lubrication are promoted by high loads, low speeds, 
extreme temperatures or lack of lubricant and these conditions lead to further 
classifications of the lubrication regimes, thin film lubrication and boundary lubrication. 
The transition from hydrodynamic lubrication through thin film to boundary lubrication 
is gradual and mixed states of lubrication commonly prevail. 
This situation can be represented by means of the Stribeck diagram (Figure 2-2) where 
the coefficient of friction is plotted against the dynamic viscosity of the lubricant x 
(times) the speed of the bearing divided by the pressure or loading force per unit area. 
Mixed Lubrication 
Boundary Lubrication 
I 
I Hydrody"mi, ,,,,",,,,", 
:~ 
Speed x Viscosity 
Pressure 
Figure 2-2 The Stribeck Diagram 
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The precise shape of the curve in a Stribeck diagram would vary depending on the 
actual bearing design, however we can see that there is an area of minimum friction, 
which represents the transition between boundary lubrication through mixed states of 
lubrication and full fluid hydrodynamic lubrication. As lubricant viscosity and bearing 
speed increase, the friction rises to well above the optimum level. At low values of 
viscosity and speed the friction rises sharply in the area of boundary lubrication. 
In an operating engine there are three principle areas associated with engine friction, 
the valve train, the piston ring and liner interface and the main bearings. The valve 
train tends to operate mainly in the boundary area of lubrication in the action of the 
camshafts against the cam follower. The piston ring and cylinder liner operates mostly 
in hydrodynamic throughout most of the engine stroke. However at the ring reversal 
this rapidly moves into the boundary area of friction before the piston begins to move 
back down the bore. The main bearings operate mostly in the area of hydrodynamic 
lubrication. 
The oil film thickness has a direct bearing on the mount of wear that is exhibited on 
the surfaces. In the hydrodynamic region there is no contact between sliding surfaces 
and thus no wear occurs. In the boundary area of lubrication the lubricant film 
thickness becomes almost non-existent and so wear of the metal surface is prevalent. 
Each of the three areas of the Stribeck diagram are discussed below. 
Hydrodynamic Lubrication 
Having reviewed previous investigations of lubrication applications by Petrov (1883) 
and Towers (1885), Osbourne Reynolds3.4 postulated that hydrodynamic lubrication is 
primarily influenced by the viscous flow properties of the lubricant. The oil adheres to 
both the stationary and moving surfaces of the bearing and the oil is dragged into the 
middle so that a convergent wedge of oil is generated which builds up sufficient fluid 
pressure to hold the surfaces apart and carry the applied load, Figure 2-3. 
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Low Load 
a III inar () il 
10 IV 
1-1 ig h Speed 
Figure 2-3 Hydrodynamic Lubrication"'. 
Thin Film (or Mixed) Lubrication 
[n thin film lubrication, Fi gure 2-4, the hydrodynamic lubrication system is partiall y 
broken down due to higher loads, lower speeds, unfavourable geometry of the mating 
surfaces or insuffi ciency of lubricant, so that some lubricant is still present. Surface 
asperiti es penetrate and disturb the des irable laminar condit ions of fl ow to that of more 
turbulent fl ow so that onl y part of the load is carri ed by hydrodynamic forces and the 
remainder by so li d- to-so lid contacts. Thin film lubrication is an intermedi ate state in 
which the laws of hydrodynamic lu bricati on are no longer applicable. 
Hi g h Loa d 
L ow S p eed 
Figure 2-4 Thin Film Lubrieation6• 
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Boundary Lubrication 
Boundary lubrication, Figure 2-5 , occurs only when contact pressures are hi gh enough 
and sliding velocities low enough for hydrodynamic effects to be complctely absent 
rendering the viscous properties of the oil completely ineffecti ve. The en tire load is then 
carri ed by an ex tremely thin multi -molecular layer of boundary lubrican t. Today the 
term boundary lubricant is usually ex tended to include other types of lubricant which do 
not function hyd rodynamica ll y, such as chemical coatings. surface film s and lamellar 
solids such as graphite. 
Very H \ g h L oad 
Very L ow S p ee d 
Figure 2-5 Boundary Lubrication7• 
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2.2 Automotive Crankcase Lubricants 
2.2.1 The Requirements of an Engine oil 
The principle function of an engine oil is that of lubrication8.9.1O, by preventing metal-
to-metal contact and wear of the moving parts within an engine. Secondly, the oil must 
be adept at cooling by assisting the removal of heat from the engine mechanisms. The 
lower parts of the engine, such as crankcase, pistons, camshaft, timing gear etc. depend 
almost entirely on the oil for cooling. Thirdly, gas and oil leakage, especially in the 
piston ring region where blow-by of combustion gases past the piston assembly and 
cylinder, must be kept to a minimum, described as 'sealing'. Cleaning is the fourth 
requirement by removal of all injurious impurities from lubricated regions. These 
impurities need to be kept in suspension. Lastly, protection against chemical attack on 
the engine metals that are exposed to acidic products of combustion. These functions are 
summarised in Table 2-1. 
The way to achieve these five basic functions is by blending additives into a base oil 
which itself is usually obtained from mineral crude oil or a synthetic replacement. These 
functions will be discussed under the following headings. 
Oxidation Stability 
The temperature of the oil and engine parts it contacts, the presence of oxygen, the 
nature of the metal surfaces and debris and the products of the fuel combustion, all 
influence the oxidation of the hydrocarbon components in lubricating oil. High 
temperatures are the primary factor, and the top piston ring groove and the crankcase are 
the critical regions. The temperature of the top ring groove can easily reach 2500e in a 
passenger car engine and 3000e in a heavy duty diesel enginell, while in the lower parts 
of the engine, the bulk temperature in the sump can rise to 165°e during high speed 
driving. The lubricating oil when SUbjected to these conditions must not, through 
oxidation, contribute to deposit formation, even after long periods of running. These 
deposits would eventually lead to ring-sticking and consequently excessive blow-by due 
to poor sealing. The oil temperature in the crankcase is normally l20-130oe. Oil 
maintained at this temperature should neither form any acid products capable of 
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attacking the bearing alloys nor form insoluble products, which lead to deposits. Good 
quality mineral oils cannot withstand these temperatures, so antioxidant and 
anticorrosive additives are used to control these problems. 
Detergency /Dispersion 
Within an engine's combustion chambers the combustion process, lasting only a tiny 
fraction of a second, is rarely complete. Consequently, carbon and other potentially 
deposit forming substances are produced. These find their way into the oil lubricating the 
cylinder bores and are washed down into the sump. Other undesirable substances are 
formed when the oil reacts at high temperature with air and acidic products in 
combustion gases, and becomes degraded. 
Detergent additives prevent deposits settling on hot surfaces such as pistons. The result 
of not controlling such deposits would be ring-stickingll (the inability of piston rings to 
slide sideways in their groove within the piston) disabling the rings function of pressing 
outward against the cylinder bore. Here, the rings are not only lubricated to prevent 
wear, but also to maintain a gas tight seal between the metallic sliding surfaces. The 
consequence of ring stick is two kinds of leakages past the rings. In one, the hot gases 
pass downwards from the combustion chambers to the crankcase (blow-by), further 
contaminating the oil. In the other, oil pa<;ses upwards and is burnt in the combustion 
chambers, the result is high oil consumption and more deposits. Other effects include 
severe wear of the cylinder bore and rings, ultimately leading to engine failure. If steps 
are not taken to control blow-by and oil flow, the products of combustion can 
intermingle with moisture and fine metallic wear particles and then agglomerate to form 
sludge in the cooler regions of an engine. Dispersant additives keep these solid and water 
droplets finely divided and suspended in the oil, Figure 2-6, and prevent both filter-
blocking and the deposition of sludge. In addition, for diesel engines, the detergency 
helps in neutralising the acidic reaction products from the sulphur compounds in the 
fuel 13• 
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Table 2·1 Functions and Qualities Required of Engine OilS. I~ 
I\ lai n functions 
req uired. Where and when. Qualities required. 
Reduce During cold staning. Low enough viscosity to provide good pumping and avoid undlle cranking 
fri ctional Between con-rodl resisra llcc. 
res istance crankshaft bearings. Minimum viscosit y without risk of metal·to·metal cont act under the varying 
and journals. conditions of temperature. specd and load. 
Between pistons. Sufficient ly high viscosity at high temperatures: good lubrica tion property 
rings and cylinders. outside the hydrodynan~c condition. especia lly at top-centre . 
A nt iseizure propert ies. especia lly during the run in pcriod . 
Protecl aga inst During shutdown or when Must protect metallic surfaces aga inst corrosive action of fue ) decompos itio n 
corrosion and wear running at low temperature. products (water. SOl, HBr, HCI, etc.). 
Must resist degradation (res ist oxidation, have good therma l stabi lity) . 
Must counteract acti on of fuel and lubricant decompos it ion products at high 
In normal running. tempera tures. especially on non-ferrous metals. 
Oy intervention in the fri ction mechanism must reduce the consequences of 
unavoidable melal· lo Ille lal contar!. 
Must resist deposit formations which would affect lubrication (detergency or 
di spersive action). 
Must contribute to the elimination of dust and other cont aminants (di persive 
action). 
Assist sea Ii ng. In the ring zone. especially at Must have sufficient viscosity at high temperatures and low volatilit y, 
top-centre. Must limi t ring and li ner wear. 
Must not contribute to formation of depos it s in ring grooves and Illust prevent 
such formation. 
Contribute to cooltng. ChieOy of pistons, rings, and Must have good thenn.,1 stability and oxidation resistance. 
con-rod bearings. Must have low volatil ity. 
ViSCOS ity must not be too high. 
Faci litate the During oil drains to eliminate Must be able to maintain in fine suspension all solid material (di spersivit y) 
eli mination of atmospheric dust. soot from whatever the temperat ure and physical and chemica l conditi ons (wa ter). 
undesirable products, diesel engines . Pb sa lt s. wear Must be ab le 10 solubilize cen ain orga nic 
debris. orga nic products from compounds. particularly heavy oxidation products. 
burned fuel and lubrica nt s. 
and other contaminants which 
promote depos its or accelerate 
wear. 
'e / 
.0: 0 .-/ + /- -, /- .,/ "-
sludge di spersant / sludge 
micelle 
Figure 2.6 Sludge dispersion. IS 
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Wear Reduction 
Wear is due to the individual and combined effects of corrosion, adhesion (ie. metal-to-
metal contact), and abrasion. Corrosive attack by acidic products of combustion is one of 
the chief causes of cylinder and ring wear. Corrosive wear is effectively prevented by the 
use of overbased detergent additives, which neutralise the corrosive products as they 
form. The effect of corrosive attack is worse at low cylinder wall temperatures and so the 
cooling system must be designed to give more appropriate metal temperatures. 
Adhesive wear affects certain parts of the engine. In the upper cylinder region, metal-to-
metal contact between piston, rings and cylinder walls takes place each time the engine 
is started from cold due to insufficient oil in the top part of the engine. Oils with anti wear 
(AW) and extreme pressure (EP) additives and low viscosity at low temperatures help to 
provide a remedy. Adhesive wear also occurs as components such as cams (and 
followers), tappets, drive gears, rocker arm ends and valve stems. 
Abrasion results from the presence of atmospheric dust, and metallic debris from 
corrosive and adhesive wear, in the lubricating oil. Efficient air filtration is therefore 
very important. Elimination of abrasive particle impurities from the oil system by 
filtration (oil filter) and periodic oil change is essential. 
Viscosity 
Viscosity is the most critical property of an oil. It relates directly to the oil film thickness 
or resistance to flow. Viscosity is directly related to how well an oil will lubricate and 
protect surfaces from metal-to-metal contact. Regardless of ambient or engine 
temperatures, an oil must flow sufficiently to ensure an adequate supply to all moving 
parts. 
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The viscosity of the selected oil must be a "tailored" or formulated compromise, partly 
because of the varied requirements and partly because mineral oil thins when heated and 
thickens when cooled. This is achieved by using additives that reduce the degree by 
which viscosity is affected by temperature (Viscosity Index Improvers) by endowing the 
lubricating oil with a higher viscosity index (VI). The VI is an empirical number 
indicating the effect of temperature on the changes in viscosity such that a low VI 
indicates a relatively large change of viscosity with temperature. 
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2.3 Oil Additives 
The increasing level of pelformance demand for modern internal combustion engines 
has required an advance in the formul ation technology of the avail able lubricants. As 
new engine designs demand even higher spec ificati on oils, then the role demanded of 
chemical add itives increases. Modern engine oi ls cannot function properly without 
additives. The performance improvements produced by these agents are outstanding in 
re lation to their proportion by mass, Table 2-2. 
Material %Weight 
Base Oil Stock 71.5 - 96.2 
Detergent 2 - 10 
Dispersant 1 - 9 
ZnDTP 0.5 - 3.0 
Antiox idant / Wear 0.1 - 2.0 
Friction Modifiers 0.1 - 3.0 
Antifoam 2 - 15 ppm 
Pour Point Depressant 0.1 - 1.5 
Table 2-2 Composition of an Engine Oil. 
These additives can be grouped into three main categories: 
- those that modify the characteri stics of the base oi l making it more 
suitable for use within an engine (MODIFIERS), 
- those that protect the oil to enhance it's working life (OIL PROTECTORS). 
- those that protect the metallic surfaces in order to reduce corrosion, 
friction and wear. They enhance both the engine's working life and fuel 
economy (SURFACE PROTECTORS). 
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It is worth mentioning that some additives perform more than one role and so could fit 
into several of the above categories. 
2.3.1 Modifiers 
Viscosity Index Improvers (VII) 
These additives reduce the change of the oil's viscosity with change of temperature (they 
raise the VI) and are the agents that enable multigrade oils to be produced. The VI-
improving additives are long chain polymers / copolymers of methacrylates, olefins and 
alkylated styrenes. When blended with a base oil, increasing temperature causes 
expansion of the polymers thereby inhibiting the flow and counteracting the thinning of 
the oil. 
Shear-stability is a primary requirement of VII's since high rubbing speeds and surface 
pressures between bearings in certain parts of the engine can effectively shear a 'poor' 
VII, rendering it ineffective. 
Pour Point Depressants 
Oil becomes thicker as it is cooled and the small amounts of dissolved wax left over 
from the refining process can crystallise at very low temperatures causing yet more 
thickening. The additives (polymethacrylates or alkylated naphthalenes) modify the 
crystalline structure in such a way as to reduce interlocking of crystals, thus enabling the 
lubricant to flow more easily at low temperatures. VI improvers have this function 
aswell, as an example of multi-functionality. 
Seal Swell Controllers 
All engines contain gaskets and seals to prevent oil leakage at the junction of two 
components. Elastomeric materials of this kind must be made from rubbers that are 
compatible with mineral oil. Further precautions are necessary to ensure that any slight 
incompatibility arising from the characteristics of the base oil, or from chemical 
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compounds that develop during service, will not lead to shrinking and hardening of seals, 
either of which would allow oil to leak. The inclusion of a seal swell agent, such as an 
organic ester (phthalate), ensures that the oil causes very slight swelling, the best 
operating condition for a flexible seal. 
2.3.2 Oil Protectors 
Antioxidants 
Oxidation of a lubricant causes the life of the oil to be reduced and this reduction is 
dramatic as temperature increases. An antioxidant additive slows down the oxidation 
process by either encouraging the decomposition of the aggressive peroxides created 
during the oil's normal service, or by terminating free radical reactions. Anti-oxidant 
materials used are zinc dithiophosphates (Figure 2-7), hindered phenols, aromatic 
amines and sulphurized phenols. 
Figure 2·' Structure of a Primary ZnDTp.J(i 
Antifoam Agents 
The crankcase of an engine could be considered as a giant egg whisk and it is easy to see 
why foaming can occur. Fortunately, additives such as silicones or polyacrylates 
minimise or prevent foaming by decreasing surface tension. Concentrations must be 
carefully set, as the optimum anti foam level can be critical. If foam were allowed to form 
then the engine would experience cooling problems, or worse still, catastrophic wear in 
many components by the collapse of the hydrodynamic oil film. 
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~Ietal De-Activators 
Hot metallic surfaces have a catalytic effect on the oxidising influences to which oil is 
subjected. The oil would then deteriorate and lose it's beneficial properties at an 
unacceptably rapid rate. The de-activators form an inert protective film on metal 
surfaces, thus preventing the catalytic action, and are organic compounds such as amines 
and phosphates, containing nitrogen, sulphur and phosphorous. 
2.3.3 Surface Protectors 
Antiwear (A \V) Agents 
In various parts of the engine, the hydrodynamic lubrication regime can break down 
under conditions of high load and low speed or a temporary inadequate supply of oil. 
Boundary lubrication arises because the physical loads exceed the load bearing 
capability of the oil film. 
In the cam / follower (valve train) region, for example, there is a combination of heavy 
loading and severe wiping and the A W agents have the effect of reducing friction, 
preventing scoring and seizure. They undergo a chemical reaction with the metal 
surfaces, and create a film of solid lubricant that prevents further metal-to-metal contact. 
The film has a lower shear strength than metal, and it's behaviour can be likened (at a 
microscopic level) to the soft bristles of a brush bending but not allowing contact with 
the backing of the brush. Agents employed for this purpose include zinc dialkyl 
dithiophosphates, organic phosphates and organic sulphur compounds. 
Extreme Pressure (EP) Agents 
EP additives are similar in purpose and function to AW additives except EP additives are 
expected to perform under the most severe states of boundary lubrication or even where 
boundary lubrication breaks down. They form compounds that will either sustain the 
load or shear easily and prevent welding and scuffing of the mating surfaces. 
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Typical materials used as EP agents are organic sulphur (such as dibenzyl disulphide), 
phosphorous and chlorine compounds that react with ferrous metals to form iron 
sulphides, phosphides and chlorides. 
Corrosion Inhibitors 
Corrosion in an engine can be regarded as being far more serious problem than the 
vehicle itself rusting. However, the problem, which manifests itself either due to water 
condensation, particularly when the engine is stopped, or due to acids formed from 
oxidation, is normally curtailed with the inclusion in the formulation of detergency and 
antioxidant additives. Corrosion additives work by emulsifying small droplets of water, 
neutral ising acids, and by forming a protective film on metallic surfaces. The agents used 
include zinc dithiophosphates, metal suI phonates, fatty acids and amines. Again, various 
compounds from previously described properties can be effective due to their multiple 
functions. 
Detergent/Dispersant Additives 
The function of these additives are to keep soot, gums and oil oxidation products finely 
dispersed in suspension, otherwise they would coat metal surfaces causing varnishing or 
lacquers or settle out as sludge in the oilways and the sump. The detergency agents are 
organo-metallic compounds such as calcium, magnesium or barium phenates, 
sulphonates or salicylates, Figure 2-8. Most detergents employ an excess of metal to 
increase basicity and aid the neutralisation of harmful acidic by-products of combustion. 
This type are referred to as 'over-based' detergents. 
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Calcium petroleum sulphonate n-20 
Basic barium sulphonate, n-20 
Ca ++ 
Calcium alkylsalicylate, n-5-J5 
2 
Figure 2-8 Some typical molecular formulae of detergent additives. 17 
Figure 2-9 shows a stylized detergent. A detergent works by adsorption to fonn a non-
adhesive surface film on the metal and by coating the contaminating particles, to make 
them non-adhesive. The detergent additives are mainly included to handle high 
temperature deposits such as lacquers on the pistons and carbonaceous deposits in the 
piston ring area, particularly encountered in diesel engines. 
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Polar Head 
Metal Attachment 
Point 
Figure 2-9 Stylized Detergent Pola r Substrate. 
Non-metall ic (ashless) di spersant additives (polyesters and alkylsuccinimides), Figure 
2- 10, are used to suspend oi l-insoluble resinous oxidation products and particulate 
contaminants in the bu lk oi118• They fun ction by surrounding the minute partic les of 
contaminating matter with a molecular coating, so that they remain in suspension rather 
than agglomerate to form sludge, especially at low temperatures, which is particularly 
related to abrasive wear and viscosity increase. 
yHrCH= CH-R 
~C--yH2 Polya lkenyl succinimidc, MW- IOOO 
CO ~CO 
'N' 
I 
(CH2CH2NH)3CH2CH2NH2 
2 
Bis(polyisobutylenyl) succinimidc 
of tetraethylenepentamine 
Figure 2-10 Examples of molecular formula of some dispersant additives. 19 
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A dispersant molecule contains an oleophilic hydrocarbon moiety and a polar functional 
group, Figure 2- 11 . The polar group, usuall y oxygen- or nitrogen-based, attaches itse lf 
to the ox idation products and sludge particles, while the oleophilic hydrocarbon ' tail ' 
keeps the palticles suspended within the oil. The hydrocarbon radical is either oligomeric 
or polymeric, and is usuall y aliphatic in nature. It contains from 70 to 200 or more 
carbon atoms to ensure good oil so lubility, with a polybutenyl alkyl group being the 
most commonl y used hydrocarbon group. Sometimes, the hydrocarbon moiety is deri ved 
from high molecul ar weight polymer, such as olefin copolymer, polyac rylate, or styrene-
ester copolymer. 
Hydrocarbon Tai l 
Oleophilic Group 
Solubilizer 
Figure 2-11 Stylized Dispersant. 
35 
Polar Head 
Oxygen and/or 
Nitrogen Atoms 
CHAPTER 2. HISTORICAL REVIEW 
2.4 Lubricant Sampling 
The major wearing components of an engine are bearings, pistons, piston rings, cylinder 
bore and components in the valve train. The lubricant condition is a significant factor in 
the mechanisms of wear in these areas. One area of particular interest is that of the piston 
ring zone. Lubricant in this zone is highly degraded, as it is so close the reaction zone of 
the engine i.e. the area of the engine under the greatest pressures, temperatures and the 
area where combustion and chemical interactions take place. From this it leads that it is 
desirable to extract lubricant from the piston ring zone, while the engine is operating, to 
study the lubricant condition in this zone. 
Traditional oil sampling has centred on sump sampling where the highly degraded oil 
from the reaction zone has become diluted into the sump oil. Many hours of engine 
running are necessary to obtain lubricant that is degraded enough for useful analysis. 
Various researchers have devised methods to obtain the piston ring zone oil while the 
engine is running. These methods can be described as Through the Bore Wall Sampling 
(TBW) and Top Ring Zone Sampling (TRZ) 
2.4.1 Sump Sampling 
Lubricant sampling from an operating engine under laboratory test conditions is 
traditionally achieved by taking oil samples from the sump oil during set periods in the 
test. This type of engine testing can typically require 250 hours of engine running to 
achieve the required and measurable changes in the lubricant properties, which are 
pertinent to the test. Such property changes include physical and chemical changes in the 
lubricant. Once the sample is obtained then property changes of the oil can be 
investigated by a whole range of analytical tests. Viscosity techniques, infra red, 
thermogravimmetric techniques, microscopy techniques, particle analyses and 
separations techniques are just a few of the available analyses. 
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2.4.2 Through the Bore 'Vall Sampling (TBW) 
Dimitroff20,21 used a slot on the piston/port in the cylinder wall to sample lubricant 
from the bore wall adjacent to the piston ring zone. The system also sampled blow-by 
gases and as such was less suited to lubricant sampling due to lack of sealing with 
inherent ingress of sump oil during the non-pressurized stroke. 
Baker et al22 used a capillary passage in the cylinder wall adjacent to top dead center 
(TDC) to transport bore wall oil and gas outside the engine which demonstrated that 
there was a standing ring of lubricant in a state of dynamic equilibrium in the upper 
piston ring zone. The method provided samples that had been subjected to the 
conditions of the piston ring zone. 
Richard23 also used this technique by drilling a 1 mm orifice in the bore of a Petter 
A VB and Caterpillar 1 G2 that bisected the upper piston ring zone, while Bush24 used 
the system on a natural gas fuelled Villiers engine. Finally Cupples2s using a 
condenser in the sampling line to improve sample yield, used the system on a Petter 
AA 1 for comparison to previous workers results. 
Ultimately TBW sampling has been found to be of limited value in comparison to 
TRZ sampling due to the extreme conditions the TBW samples are subjected too, 
preferring the slightly less degraded lubricant found in the ring pack. 
2.4.3 Top Ring Zone Sampling (TRZ) 
The technique involves sampling lubricant from an operating engine by taking the oil 
directly from the piston ring zone. The philosophy of the method is that sampling the 
oil from the reaction zone (the area of highest temperature in an engine) will give the 
chemist highly degraded lubricants within ten operating hours that would take up to 
250 hours in a traditional engine test for a similar level of degradation. The reason for 
this is that ring zone oil samples are not diluted by the sump oil. 
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An early version of TRZ sampling was used by Quillan26, who used a trombone type 
arrangement. One tube was attached to the piston and the other tube attached to the 
main bearing housing, with one tube sliding in and out of the other to divert blow-by 
gases, collecting them outside of the engine. The system also trapped oil from the 
appropriate region of the engine, though this was not the subject of analysis. 
Further TRZ sampling techniques have been developed in the Lubricants Research 
Group, under Professor Malcolm Fox, in the Department of Chemistry at De Montfort 
University, Leicester (formerly Leicester Polytechnic). To sample oil directly from the 
ring zone of an operating engine requires extensive modification of the engine to take 
the sampling system. The design of the sampling system is generally engine specific 
as each system is designed to tackle the physical problems that arise when a sampling 
system is subjected to severe operating conditions within an engine. This project used 
a Petter AA 1, single cylinder diesel engine, with a flying tube top ring zone sampling 
system that has previously been described by Cupples27,28 and a Petter WI, single 
cylinder gasoline engine, with a flying tube top ring zone sampling system that has 
previously been described by Thomson29• Other flying tube sampling systems have 
been applied to the Caterpillar 1 Y73 and the Villiers C30 by Cupples and Seare30 
respectively. 
The TRZ system works by utilising the pressure difference between the combustion 
chamber / ring pack during the power and compression strokes, and the atmospheric 
pressure in the collection vessel, to drive the oil sample through the system. The oil 
that is collected can then be tested for degradation. Cupples also used the system to 
sample oils from the upper face of the Petter AAI and Petter AVB, comparing the 
results to those of samples from the sump, TBW and TRZ. 
The original flying tube sampling systems lasted approximately 20 hours, and as 
applied to the Petter AAI by Cupples, was used to sample from various points on the 
piston. Only one position was used at a time to avoid oil starvation issues. In general 
the system followed that described in section 1.1.2 with the following points of note: 
• A nylon guard tube was used to protect the PTFE tubing down the length of 
the con rod. 
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• The crankcase extension box used PTFE plates to protect the flying tube from 
premature wear. 
• A PTFE coating was applied to the crank webs to further improve system life. 
The main issues encountered in the development of the system centred around the 
lateral motion of the tube, which led to abrasion of the tube on all adjacent surfaces, 
ultimately resulting in system failure but no effective solution was found to counteract 
the lateral motion issue. Cupples went on to develop the system on a Caterpillar I Y73 
(which permitted upper face and top ring groove samples) and improved system life to 
around 50 hours with the following point of note: 
• Optimised the departure point from the big end achieved by strengthening the 
boss on the big end by utilising Swagelock fittings with a length of steel tube. 
• Thicker wall tube was also tried to minimise the lateral motion but failed due 
to fatigue. 
Again the majority of system failures resulted from the abrasion of the due to lateral 
motion with no real effective solution being found. 
Thomson applied the Petter AAI system to the Petter WI. The main advantages to the 
system as applied to the W I were that the system was aided by lower engine speed 
and hence tube motion. Also failures due to soot blocking the sampling tube were now 
eliminated, as the WI is a gasoline engine while the AAI is a diesel engine. Main 
points of note were: 
• Samples were taken from the thrust side of the piston, while the system exited 
on the carburettor side. 
• The system comprised 1/16" ID PTFE tube and 0.003" ID HPLC steel tubing. 
• PTFE coating was again used on the webs of the crank. 
• A guard tube was used down the length of the con rod, initially copper but 
later nylon held with small aluminium brackets. 
• PTFE plates again used in the crankcase extension box. 
Again the system failures due to the lateral motion of the tube were never solved. 
Seare used various modelling techniques to fully develop a system. The first were 
modelled on a rig then transferred to a motored engine. On the rig, strobe lighting was 
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used to measure the tube motion I stability, the aim being to find out when or why the 
tube motion became out of control. He also conducted the first significant 
investigation into the lateral motion of the tube, and noted that it was very sensitive to 
both tube length and engine speed., resulting in the tube being briefly supported by 
the crank webs at certain points during the engines revolution and whipping violently 
at the extremes of motion. From this modelling work, primarily on the Villiers C30, 
Seare concluded the following: 
• The sample tube must not be excessively long as it otherwise leaves the tube 
more susceptible to lateral motion. A shorter tube is generally more stable but 
gives greater stress concentrations during stable motion. 
• Bringing the engine up to speed quickly did not make a significant 
improvement on stability. 
• Angles of the take off points were too severe leading to high stress 
concentrations. The modelling allowed optimisation of this parameter. 
• The natural set of the PTFE tube from when it is coiled on a drum immediately 
after manufacture caused instability problems. Seare attempted to remove this 
by straightening the tube with weights prior to testing. Later researchers 
utilised this natural bend of the tube by just orienting the tube in the system 
favourably. 
Taking the lessons learned from the modelling, the Villiers C30 was then motored for 
an extended period (l500rpm, 36 hours). The tube was then inspected and showed 
only minor abrasion, but no imminent failure. The AA 1 system was then redeveloped 
taking the lessons learned from the modelling exercise with the following points of 
note: 
• No guard tube was fitted 
• The piston skirt loop was fitted for the first time. This is were the upper 
sampling tube (from the sampling hole in the ring groove to the boss on the 
base of the con rod) is looped over the small end allowing flexible motion of 
the upper tube. 
• PTFE guide plates again fitted in the crankcase extension box. 
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• Tube tightened / shortened slightly once the engine had reached operating 
temperature to compensate for both the extension of the tube due to higher 
temperatures and the tube stretch due to the stresses produced. 
By using these procedures the sampling system passed a 20 hour test without 
significant abrasion. In the project described in this thesis, this same system was able 
to stay intact for in excess of 200 hours. This was achieved by very careful attention 
to the points above in the installation of the system. 
Seare then paid attention to the system on a Caterpillar 3406B. The sampling system 
was successfully modelled on the rig, the main points of this system being: 
• Shrink-wrap nylon tube was used to guard and locally stiffen the PTFE tube. 
Due to the significantly longer stroke of the engine compared to previous 
engines, the tube was necessarily longer than those used before and was very 
sensitive to lateral motion. The guard tube did not significantly improve the 
system stability. 
• HPLC steel tubing was used through the bulkhead joints in the system to 
prevent crushing from the clamps. 
• Tube tightening again used after the engine had reached operating temperature 
• Reliability came to the system mainly from attention to detail in setting up the 
system. 
Subsequently Jones31 developed the system on the Caterpillar 3406B. Instead of a 
flexible section of PTFE tube between big end and crankcase extension box, a linkage 
is mounted from the base of the piston skirt to carry the flexible tube (inside a rod 
fixed to a swivel joint), to a point outside the crankcase. This meant that the lateral 
motion issue couldn't occur which significantly improved system life. The sealed 
swivel joint allowed the sample to pass from the HPLCIPTFE used in the piston skirt, 
eliminating the whole of the con rod mountings. This type of system became possible 
due to the size of the piston being much larger then any that had had TRZ sampling 
systems applied before (and unfortunately can only be fitted to large engines). The 
two other primary factors, which made the system inherently more reliable, were: 
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• Lower relative motion. The velocity and displacement otherwise needed to be 
absorbed by the tube were reduced 
• No surface for the tube to abrade against leaving fatigue as the only issue. In 
practice fatigue was rarely significant. 
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3 Blotter Spotter Test. 
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3.1 Theory and Methodology 
3.1.1 Theory of The Blotter Spotter Test 
Dispersant additives function by keeping the minute particles of contaminating matter 
in suspension within the oil rather then allowing them to agglomerate to form sludge 
and deposits. Any analytical technique that can measure the effectiveness of a 
dispersant, must distinguish between free and bound additive. 
Free Dispersant + Particulates :;j~i===j~~ Bound Dispersant 
The classic blotter spotter testl is not a quantitative analysis of remaining useful 
dispersancy. A small spot of soot laden used oil is applied to a piece of filter paper, 
laid flat and allowed to spread through the paper. Over time this produces a distinct 
series of rings. An oil that has little remaining useful dispersancy will tend to show a 
tight black spot of soot whereas the soot would be carried a certain distance (shown as 
a ring front) if the dispersant was still functioning to some degree. The test, as it 
stands, can only give general indications of remaining useful dispersancy between 
similar samples or samples of the same series. 
The advantage the blotter spotter test retains is that the oil sample can be analysed as 
it is without any interactions or interferences from solvents that can upset the balance 
of the equilibrium between free and bound dispersant. Many other analytical 
techniques do introduce a solvent at some stage, and in effect, are then only a measure 
of insolubles levels in the sample. 
3.1.2 Improving upon the Blotter Spotter Test 
The Blotter Spotter Test is somewhat limited in scope as the accuracy of this type of 
method can depend upon the type of blotter paper used, the operator and especially 
when interpreting the results, the operators skill and judgement. There is currently no 
measurement technique for the oil spots produced. 
44 
CHAPTER 3. BLOTTER SPOTTER TEST 
A more consistent support for the oil spots can be found in silica gel TLC (thin layer 
chromatography) plates. These can then be used in a TLC scanner to gain accurate 
measures of the spot and oil front sizes. 
The soot ring front produced could be measured relative to the final oil front. This oil 
front is usually difficult to see accurately with the naked eye. To get a measure of the 
relative soot and oil fronts a TLC densitometer (Camag TLC Scanner 3) was used at a 
wavelength of 366nm. 254nm was also available but it was found that the plates 
themselves fluoresced at this wavelength. 366nm was chosen because the base oil 
fluoresces at this wavelength. The densitometer scans a slice of the spot across the 
diameter taking a data point every 25).lm at a scanning speed of IOmm per second. 
The instrument measures the reflection intensity from the plate. This gives a 
fluorescence spectrum across the spot. The soot ring would give little reflection while 
the oil front would be expected to fluoresce significantly. Examples of oil spots under 
visible light and UV light at 366nm are showed in Figure 3-1 and Figure 3-2 
respectively. 
Fresh TRZ Sump 
Figure 3-1 Examples of Spots of Fresh, Top Ring Zone and Sump Oils 
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Figure 3-2 Examples of Spots of Fresh, Top Ring Zone and Sump Oils Under UV Light (366nm) 
A representation ofa typical TLC scanner plot is shown in Figure 3-3. A ratio of the 
total oil front versus the soot spot front can be a measure of the effectiveness of the 
dispersant. Df denotes the diameter of the oil front while Db denotes the diameter of 
the soot spot. Db is measured between the two least reflective parts of the spectrum, 
which correspond to the limit of the soot front. As a quick check these values can be 
compared to the straight TLC plates to ensure the correct fronts are being measured. 
A.U. 
Df 
Db 
Figure 3-3 Representation of Typical TLC Scan 
The spot ratio can be gathered for a series of oils to track the effectiveness ofthe 
dispersant, for example, in the top ring zone versus engine run time. A good spot ratio 
is one where the oil has carried the oil front far (a large ratio) and a bad spot ratio can 
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be regarded as one where the particulate front has not been carried very far at all by 
the oil (small ratio). 
The technique introduces some accuracy into the spot measurements and allows a 
correction for the amount of oil applied as a spot. It is difficult to apply a spot with the 
same liquid volume and pressure. Specialised spotter equipment is available for this 
but was not available. This would improve the technique further. 
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3.2 Results 
The samples examined were from the first matrix of oil samples that had been run in 
the single cylinder diesel and petrol engines, as previously described. The formulation 
data for the oil samples is shown in Table 1-1 . 
Each of the oil samples were analysed by the blotter spotter / TLC scanner method 
described in the previous section. For the gasoline engine oil samples, there are no 
results for the end of test sump sample as there was just too little particulate to form a 
coherent and measurable ring front. 
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Figure 3-4 Particulate Ring Ratio vs Time of S7a/b/c Series Oils from the AA I Diesel Engine 
The results for S7a/b/c in the diesel engine are shown in Figure 3-4. The detergent in 
this series is a phenate/sulphonate while the dispersant is a succinimide type. The 
detergent / dispersant package in this series is very erratic in the TRZ in terms of 
dispersancy performance through the course of the engine run. The half treat 
dispersant oil (57b) performs well in the TRZ until 360 minutes where the 
dispersancy of the oil in the TRZ drops off suddenly. The end of test sump sample is 
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at approximately the same level as the samples from the first 360 minutes. The full 
dispersant treat version (57a) performs poorly throughout the whole test but shows the 
best performance in the end of test sump sample. The zero treat dispersant oil (57c) 
that is relying solely on any dispersant effect the detergent package might afford, is 
unpredictable. With no dispersant, any soot would not disperse properly in the oil, 
especially in the ring zone and so this is expected. The end of test sump sample does 
fall below the half treat oil, placing it in the expected sump sample ranking. It seems 
overall that this detergent / dispersant package perfonns poorly in the top ring zone 
but performs as expected in the sump. 
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Figure 3-5 Particulate Ring Ratio vs Time of 58a/b/c Series Oils from the AAl Diesel Engine 
The results for 58a1b/c in the diesel engine are shown in Figure 3-5. This series has a 
different detergent package and performs more consistently in the top ring zone than 
the 57 series oil. The sump samples are clearly discriminated and the half treat 
dispersant oil is very consistent. The full treat oil is more erratic but is generally better 
than the half treat oil. The only difference between the 57 and 58 series oils is the 
change from a phenate/sulphonate to a mixed salicylate detergent pack. Therefore any 
improvements in dispersancy performance can only be due to the salicylate detergent. 
The inference is that the mixed salicylate detergent is more effective in it's role as a 
'secondary' dispersant than the phenate / sulphonate detergent in the 57 series oils. 
There also seems little advantage (in the ring zone) of 6% dispersant treat vs 3% 
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dispersant treat in either the 57 or 58 series oils. However, the advantage of the higher 
treat rate in clear in the sump oil. The dispersant is performing poorly in the ring zone, 
but is performing well in the sump. 
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Figure 3-6 Particulate Ring Ratio vs Time of S7a/b/c Series Oils from the WI Gasoline Engine 
The re ult for 57a/b/c in the ga oline engine are hown in Figure 3-6. The gasoline 
engine produce Ie particulate than the diesel engine and so the dispersant might be 
expected to have performed better than in the diesel engine, and indeed this is the 
case. The result are quite con istent for the zero treat dispersant oil (57c) again 
ugge ting the detergent i performing to some extent a a dispersant. The half treat 
disper ant oil (57b) i al 0 relatively consistent but performing better than 57c. This 
wa not the ca e in the die el engine, which uggest that the dispersant perform 
better in the ga oline engine. There is no improvement, however, in the full treat 
disper ant oil (57a) over the half treat di persant oil. In fact 57a is less consistent than 
57b in the ga oline engine. 
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Figure 3-7 Particulate Ring Ratio vs Time of 58a/b/c Series Oils from the WI Gasoline Engine 
The results for 58a/b/c in the gasoline engine are shown in Figure 3-7. All of the 
results for thi serie in the gasoline engine are roughly equal. The dispersancy 
performance of these oil in the top ring zone eems independent of the dispersant 
treat rate. Of both 57 and 58 eries of oils, this combination of succinimide dispersant 
and alicylate detergent in the ga oline engine yields the best results in terms of top 
ring zone di per ancy performance. 
From the re ult of the e oil erie , the inference i that the salicylate detergent pack 
in conjunction with the uccinimide dispersant is acting with superior dispersancy 
characteri tic than the phenate / sulphonate detergent pack in conjunction with the 
succinimide di per ant in the top ring zone. 
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3.3 Discussion 
The succinimide dispersant used in the 57aJb/c and 58aJb/c oil series does not appear 
to be successful in the top piston ring zone. The high temperatures in this zone 
preclude proper function of the dispersant. This leaves any dispersancy action down 
to the detergent additive in the formulation. The mixed salicylate detergent additive 
was better than the phenate/sulphonate detergent additive in this respect. 
In the diesel sump the succinimide dispersant seems to perform much better than in 
the piston ring zone. The very low soot loading in the gasoline engine oil sump 
sample was too low to determine if this was also the case. 
The improved performance exhibited by the salicylate may also be due to, in part, an 
additive synergy that might exist between the succinimide dispersant and the 
salicylate detergent but does not exist between the succinimide and the 
phenate/sulphonate detergent package. 
One point to note is that the overall dispersancy performance of the oils did not, in 
general, get any better or worse over the course of the engine run. The old ring pack 
designs of these engines, with no low emissions criteria to fulfil have a relatively high 
lubricant replenishment rate through the ring pack of relatively fresh sump oil. A 
more modern low emission engine would not replenish the ring zone oil as quickly 
and would subject the detergent/dispersant package of the oil to a greater ring zone 
residence time2.3, stressing the oil further. The sump oil, especially in a modern diesel 
engine would be expected to contain a great deal more soot. This already sooty oil for 
ring zone replenishment and higher residence time in the ring zone might show a 
decreasing dispersancy performance over time in the piston ring zone of a modern 
low emission diesel engine. 
The experience the formulators have of which type of dispersant to use for certain 
applications is derived mostly from engine test experience, rather than any 
fundamental understanding of dispersant behaviour in the piston ring zone. 
Discussions with Castrol of the results revealed that the dispersant type used in this 
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matrix of oils was a variety that is commonly used in gasoline engine oil 
formulations. This would partly account for the improved ring zone dispersancy 
exhibited in the gasoline engine over the diesel engine. This discussion led to a 
second matrix of oils (Table 1-2) to be formulated with a succinimide dispersant type 
more commonly used in diesel engine oil formulations. 
It should be noted that for further analysis of this technique, statistically designed 
experiment should be sought to examine the repeatability of this technique. This 
investigation makes no attempt to determine the repeatability of the modifications to 
the standard Blotter Spotter Test but it is expected the improvements described in this 
thesis would improve the repeatability of the Blotter Spotter Test. 
Overall top piston ring zone dispersancy performance of the oils improved in the 
change from phenate/sulphonate to mixed salicylate detergent, in both gasoline and 
diesel engines, and was nominally independent of the dispersancy treat rate. 
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3.4 Conclusions from the Blotter Spotter Test 
• Full dispersant treat not better than half dispersant treat in TRZ in either 
gasoline or diesel engine 
• Full dispersant treat better than half dispersant treat in sump of diesel engine 
• Mixed salicylate detergent acts with dispersant performance in the TRZ of 
gasoline and petrol engines 
• Succinimide dispersant is overall, not effective in the TRZ of diesel or 
gasoline engines 
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3.5 Recommendations for Further Work 
• A comparison of dispersant types, especially succinimide dispersants of 
different molecular weights 
• Further development of the method, especially improving spot application 
with accurate automated liquid handlers or automated TLC spotters 
• Comparisons of dispersant performance with respect to engine load and speed 
• Investigations of other additive-dispersant interactions and impact on TRZ and 
sump dispersancy performance such as interactions between ZnDTP-
dispersant and friction modifier-dispersant 
With a suitably designed and statistically driven experiment, there is scope to 
transpose this method into a measure of remaining useful dispersancy of diesel engine 
oils. This can be applied to top ring zone oil samples or as a general engine test or 
field method for sump samples. 
I Seifert, Measurement of Soot in Diesel Engine Lubricating Oil, SAE 951023. 
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4 Particle Size Analysis. 
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4.1 Introduction 
The 57 and 58 series oils from the first matrix of used oil samples (from both diesel and 
gasoline engines) were analysed by laser scattering particle size analysis. Following on 
from this a second matrix of oils was formulated using a dispersant type more 
commonly found in diesel engine oil formulations. This matrix of oils was only run in 
the diesel engine. The gasoline engine runs were omitted as, at this stage, the particle 
size analysis results were proving inconclusive for gasoline engine TRZ samples and the 
work was beginning to narrow onto diesel particulate in TRZ oil samples. 
Soot loading was also measured (by thermogravimmetry) on the second matrix of used 
oils afterwards. Unfortunately the used oil samples for the first matrix were unavailable. 
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4.2 Laser Scattering Particle Size Analvsis 
4.2.1 Theory of Scattering 
When a light wave is incident on a refl ecting object much larger than the wavelength , the 
light will be scattered in all directions. However when a particul ar ray is incident at the 
edge of a particle then the ray will be defl ected. If the beam of light has a di ameter much 
larger than the particle it will be cattered in a cone, which is related to the size of particle. 
This is known as Mie scattering, Figure 4- 1. 
Li g ht Source 
Scatte red Li ght 
Incident on D e tec tor 
Sca tte red Li g ht 
D e te ctor 
Figure 4·] Mie cattering of Laser Light l 
4.2.2 Malvern Mastersizer S 
The in trument u ed to determine particle ize distribution in this study was the M alvern 
Ma ter izer S. Thi instrument u es a laser light scattering technique, which offers several 
advantages over conventional parti cle size techniques. 
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• No calibration is required as the instrument is based on fundamental physical 
properties (the instrument used in the study was certified by Malvern Instruments 
and used at their premises). 
• It is non-intrusive using a low power laser to determine paI1icle size. 
• It is fast, requiring less than I minute to take a measurement and analyse it. 
• It is simple and easy to use. Modular arrangement allows different types of sample 
to be introduced using a range of easy-to-handle measurement cell s. There are no 
fine apertures to block. 
The particle sizer system is shown in Figure 4-2 . 
Colli mating 
Lens Focusing 
Lens 
Detector 
Laser Spati al 
Filter 
Sample 
Di persion 
Unit 
Figure 4-2 The Particle Sizer System l 
Flow Cell 
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The Mastersizer S uses the principle of laser light scattering, which is a non-imaging 
technique. The instrument u es two optical configurations to cover the full range of particle 
sizes (O.OSJl m to I OOOJl m). The two configurations are conventional Fourier optics 
(>O.SJlm) and reverse Fourier optics «O.SJlm) 
4.2.3 Conventional Fourier Optics 
The light from a low power Helium-Neon laser forms a collimated and monochromatic 
beam of light, maximum 18mm diameter. Any particles present in the beam will scatter the 
laser light. The scattered light and the un cattered remainder are incident on a receiver 
lens. This is the Fourier tran form lens fOlming the far field diffraction pattern of the 
cattered light at it 's focal plane. detector in the form of a series of angu lar sectors 
collects the scattered light over a range of angles, Figure 4-3. 
Laser 
Beam 
Focussing Lens 
Figure 4-3 onventional Fourier Optic I 
f 
Central 
Detector 
Main 
Detector 
The un caltered light pa e through a mall aperture in the detector and out of the system. 
The total la er power passing out of the system in this way is monitored by the central 
detector al lowing the ample volume concentration to be determined. This configuration 
al oha the property that wherever the particle is in the analyser beam, it diffraction 
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pattern is stationary and centred on the detector, Figure 4-4. It also does not matter if the 
particle is moving in the beam since its diffraction pattern is always stationary. 
Laser Beam 
r 
r f tan (8) 
f 
Figure 4·4 The Stability of the Diffraction Pattern I 
4.2.4 Reverse Fourier Optics 
This configuration is needed for large scattering angles. Instead of forming a collimated 
analyser beam, the output beam is focused to a point in the plane of the detector. The 
sample cell is placed at a known cell distance (d) from the detector, Figure 4-5. In this 
configuration the diffraction pattern is still measured. The scaling constant is now the 
distance (d), not, as in the conventional configuration, the focal length (f). At any cell 
detector distance the diffraction pattern does not require focusing. As in the conventional 
configuration it does not matter where the particle is in the laser beam, the diffraction 
pattern remains stationary. 
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Large Angle Detector Scattered Light from 
Small Particles 
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4.3 Soot Analysis by Thermogravimmetry 
Soot analysis using thermogravimmetric analysis (TGA) is method used to determine 
the amount of soot (by weight) in a used oil sample. The procedure used is a modified 
version of the 'Enhanced Detroit Diesel TGA Procedure,2.3. 
4.3.1 Soot Analysis 
The sample size used is approximately 4mg in a platinum sample pan. 
The following temperature program is used for the soot analysis on the TGA: 
1. Initial purge gas - Nitrogen at 80 l/min 
2. Isothermal at 500 e for 1 minute 
3. Heat to 5500 e at loooe per minute 
4. Isothermal at 5500e for 1 minute 
5. Heat to 6500e at 200 e per minute 
6. Switch purge gas - Air at 80 IImin 
7. Heat to 7500e at 200e per minute 
The program is considered finished once a stable weight residue remains unchanged for 
5 minutes or longer. Soot is the difference in the weight plateaus at purge gas change, 
approximately 650oe, and after a stable weight residue is obtained around 750°C. The 
actual sample weight reported is the percentage of the total to the nearest 0.1 weight 
percent. 
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4.4 Methodology 
All of the samples obtained from the engine runs (gasoline and diesel) of the first matrix of 
oil samples (Table 1-1) were analysed by laser scattering particle size analysis using a 
Malvern Instruments Mastersizer S particle size analyser using a 25ml small volume 
stirred cell, while the dilution solvent used was petroleum ether. The lower detection limit 
of the Mastersizer S in the configuration used was O.5f.1m. 
The samples obtained from the Petter AA 1 diesel engine / second matrix (Table 1-2) 
combination were also tested for by the above method and also for soot content using a 
modified version of the 'Enhanced Detroit Diesel TGA procedure'. 
4.4.1 Treatment of Results 
The results from the particle size analysis are shown by the Mastersizer instrument as a 
distribution based on the total volume (%) of a particular size of particle assuming 
equivalent spheres. An example is shown in Figure 4-6. 
Each of the sets of results for the different oils were then plotted against a third axis, run 
time for that sample. This was then represented as a 3D contour plot for each oil 
showing the particle size distribution for ring zone samples versus engine run time. An 
example of such a plot is shown in Figure 4-7. 
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Particle Size Dist. of 57a TRZ 300 mins. 
10 
Particle Diameter (~m.) 
Figure 4-6 Example of Particle Size Distribution 
Particle Size Distribution for ATL953/057d/01 
AA1 TAZ 60·480mlns 
Figure 4-7 Particle ize 3D Contour Plot 
1000 . 0 
At this stage, some consideration was also given to the mass of soot in each sample as 
well as the size distribution of the soot particles when comparing the changes in size 
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distributions over time4• The samples obtained from the Petter AA 1 diesel engine I 
second matrix (Table 1-2) were tested for soot content using a modified version of the 
'Enhanced Detroit Diesel TGA procedure'. 
It can be seen from a typical example of a particle size distribution for a top ring zone 
oil sample (Figure 4-6) that a distinct set of size bands occurs. The first, large, size band 
occurs at O.7-0.8f1m and represents the small initially formed soot. The second, smaller 
and wider, size band occurs at around 5-12f1m and represents the first agglomeration of 
soots where the dispersant additive is acting ineffectively. Sometimes a third, larger 
agglomeration is seen at> 15f1m. This has led, finally, to graphically representing the 
changes in the height of each size band versus engine run time for each of the oil series. 
An example is shown in Figure 4-8. 
O/Oin Vol 
30 
25 
20 
15 
10 
5 
Changes in the Height of Size 
Bands vs Time for Oil X 
/ 01-~==:=====~==~--------
o 60 120 180 240 300 360 420 480 
Run Time (M ins) 
Figure 4-8 Example of Changes in the Height of Size Bands vs Time 
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4.5 Results and Discussion 
All of the results for the particle size analysis are included in the appendices. The 3D 
contour plots for the gasoline engine oil samples are in appendix 1 and for the diesel 
engine samples in appendix 2. The graphs which show changes in the height of particle 
size bands for the first oil matrix are included in appendix 3 and for the second oil 
matrix in appendix 4. The TGA soot results are included in appendix 5. 
4.5.1 \Vl - First Oil Matrix 
From observation of the particle size distribution 3D contour plots from the Petter WI 
gasoline engine runs (appendix 1) it can be seen that conclusions are difficult to draw. 
The concentration of oil sample (20+ drops of oil in 25ml solvent) from that was 
required to obtain an adequate obscuration factor for the laser was too large. The 
software uses the refractive index of the diluent solvent in it's calculations. With large 
concentrations of lubricating oil then this changes enough to cause significant errors in 
the results. Coupled with the relatively small amount of particulate in the oil then the 
method fails to be useful for gasoline oil samples. The diesel oil samples only required 
2-3 drops of oil to give good repeatable results due to the higher soot loading. 
The technique is clearly not suitable for examination of particulate from the top ring 
zone of a gasoline engine. At this point the project solely concentrates on particle size 
distributions and morphology (chapter 5) in TRZ oil samples from the Petter AAI diesel 
engme. 
4.5.2 AA 1 - First Oill\latrix 
The contour plots (appendix 2) show that distinct particle size bands exist in all the 
series of approximately 0.7 -0.8J..1 m and 5-12J..1 m in the TRZ and sump. To a lesser extent 
much larger particulate does exist but there are no observable trends. These larger 
particulate (l5-75J..1m) are much less in number. Specific trends are observed in the 0.7-
0.8J.lm and 5-12J.lm size bands. 
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The -0.8Ilm size band in the 57a1b/c oils (appendix 3) generally increased over the run 
showing the increased soot levels over time in this size but showed no overall tendency 
for growth into the larger particle agglomerations over time. 57a showed steady growth 
of the -0.8Ilm size band up to 360 minutes of engine run time, although there followed 
a sharp decrease in this size band to end of test and a small decrease in the larger size 
band. A very large size range exists (appendix 2) at -751lm in the end of test TRZ 
sample. At this size it would only represent very few particles of that size but it does 
indicate that the agglomeration to much larger particulate was very sudden. 
The problem here is that if there was a large increase in soot loading in the final sample 
versus the sample before then the results could be difficult to compare. The results from 
the mastersizer are represented as percent volume of total particulate of a particular 
particle size. This means that a very large particle would relatively reduce the perceived 
volume of smaller particulate even though from one sample to the next there may be 
little change in the number of particles in a particular size range. Although unlikely, this 
could happen if an increase in soot loading from one sample to the next was mostly 
taken up by a new size range. It was for this reason that the individual soot loading (as 
measured by TGA) was taken into account for the different hourly samples for the 
second matrix of oils. At this earlier stage of the project the TGA soot method was not 
available to run the first matrix of oils. 
57b with half treat dispersant shows a very steady rise in the -0.8Ilm size band, slightly 
declining medium size band and no other significant larger sizes, suggesting good 
dispersancy. 57c with zero dispersant has a large agglomeration (-40llm) in the 120 
minute sample which relatively reduces the heights of the other size bands. This larger 
agglomeration does not continue through the rest of the run suggesting it could be an 
anomalous result. 
It must be noted that all of the size range results are tempered by any larger 
agglomerations, although the effect would only be severe in the reduction of the height 
of the size band if the other agglomerations were very large, as in 57a at 480 minutes 
and 57c at 120 minutes. 
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If the last few hours of the 57a run are disregarded then the 57a!b/c runs can be regarded 
as being broadly similar, indicating that the dispersant treat level has little effect on 
particle control. As with the blotter spotter results, it points to the dispersancy capacity 
of the detergent, rather than the dispersant, in these formulations in the piston ring zone 
of the diesel engine. 
The sump samples for the 57a!b/c oils show very small amounts of the of larger size 
bands. They also show that the -0.8,..m size bands are higher in the end of test sump 
samples than in the end of test top ring zone samples suggesting superior particulate 
control in the sump. This suggests the dispersancy effect of the dispersant comes into 
play in the sump where the lubricating oil is much cooler. 
The 5Sa!b/c oils (appendix 3) show a more erratic trend. At full dispersant treat (5Sa), 
there is a gradual overall increase in the -O.S,..m size band up to 300 minutes followed 
by a drop to the end of test with no increase in the levels of the medium size band. The 
drop in the -O.S,.. m size band at ISO minutes is due to an agglomeration that is evident 
at -50,..m. The smaller size bands in the 60 and 480 minute samples are also reduced 
due to larger agglomerates but in these cases the height of the larger agglomerate band 
is small but are very broad, spanning approximately the 1O-30,..m size range. 
58b and 58c show much more large agglomerations than the other samples in this 
matrix making it difficult to observe any growth trends in the small size band (they 
would be expected to be similar to 5Sa from the evidence of the 57 oil series) but clearly 
these oils are showing poor dispersant control by allowing large agglomerations of 
particulate to form. 
The growth of the small size band over time in these samples are not at as steep a rate as 
the 57a!b/c oils but there exists very much more very large particulate in the 58a!b/c 
oils. The sump samples for the 58a!b/c oils show the same trend as the 57a!b/c/ oils. 
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4.5.3 AAl- Second Oil Matrix 
The contour plots for 57d/e/f are shown in appendix 2. In 57d the 60 minute sample 
shows no distinct size bands at all. There is no -0.8~m size band but just one long 
continuous size range from 0.5 to 875~m suggesting that this is an anomalous result. 
Otherwise in the rest of the engine run this oil shows good particulate control showing a 
steady growth in the 0.8~m size band and a relatively constant 5-12~m size band. 
57e shows that the medium size band centred around 8~m has a broader range than 
those seen in 57d. Nevertheless the growth of the small particle size band is similar. 
There is a larger distinct agglomeration (-40~m) in the 180 minute sample. This shows 
that the half treat dispersant oil has a slightly weaker control of particle size than the full 
treat oil. 
The zero treat dispersant oil (57f) shows a very distinct trend. The smaller size band 
increase sharply from the beginning of the test to 240 minutes and than sharply declines 
to the end of test. This is at the same point that the medium size band has begun (after 
decline from the beginning of the test to 240 minutes) to increase sharply and almost 
linearly until the end of test. This is a classic example of smaller particles steadily 
agglomerating into larger particles in the piston ring zone in the absence of any residual 
dispersancy. 
All of the 57d/e/f and 58d/e/f sump samples show very good particulate control. 
58d shows some large agglomerations (-15~ m at 60 minutes and -50~ m at 120 
minutes) in the first two hours of test, which causes the relatively steep apparent rise of 
the smaller size band up to 180 minutes. The rise in this band is not so steep for the rest 
of the run. Apart from those two larger agglomerations at the beginning of this run the 
results show steady particle size control for the rest of the run. 
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In the half treat dispersant oil (58e) a similar effect is seen to that observed in the 57f 
sample. After a sharp initial rise of the smaller size band it declines for the rest of the 
test but is mirrored by a steady increase in the medium size band. The 58f sample shows 
better control with a steady rise of the smaller size band and a broad range in the 
medium size band. 
One general observation from all the engine runs is that the particulate accumulated in 
the piston ring zone as the engine warms to operating temperature in the first hour of 
running tends to be of less distinct size ranges. There is usually a smaller -0.8Jlm size 
band (than the rest of the engine test) but a much broader distribution of medium to 
large particulates. This is inevitably down to the dispersant / detergent package not 
working at optimum temperature and is probably caused in the first few minutes of the 
first hour of the test. 
The size of particulate observed around -0.8Jlm is most often described by the literature 
as the first agglomeration of primary soot particles. These size ranges observed are 
engine specific but do fall into general categories. Kittleson4 described the first 
agglomeration of particles from 0.12 to 0.27Jl m and further agglomerations near to 
1Jlm. Colaciccos described the primary soot particles involved in agglomerations at 
O.03Jlm and the agglomeration at O.4Jlm. Gautam6 and Kawamura' described the 
primary particles at 0.02Jlm and the first agglomeration at up to O.5Jlm. SatoS observed 
the primary particulate also at 0.03Jlm and the first agglomeration at 0.15Jlm. Finally, 
Mainwaring9 only described particulate as ranging from 0.03 to 0.1 Jl m. All of these 
researchers, however, where testing oil samples derived from the sump sample of 
different engines and, as we have seen, unregulated particle growth above the first 
agglomeration is not evident in this region. Particulate agglomerations over 1Jlm are 
also evident in the top ring zone. 
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4.6 Particle Size Analysis Conclusions 
The case of the observed sudden appearance of -75J.1m particulate and reduced volume 
of particles in the -O.8~m and -5-12J.1m size bands is direct evidence of particle 
agglomeration and breakdown of dispersant control in the piston ring zone. This also 
shows that agglomeration does not necessarily linearly proceed from -O.8~m to -5-
~ 12J.1m to +15~m but can proceed from -O.8~mJ-5-12~m to +15J.1ffi size particulate 
where poor dispersancy is exhibited in the piston ring zone. This effect is also seen in 
the 58a/b/c oils. 
The 57a/b/c oils versus the 58a/b/c oils suggest that dispersant treat has little difference 
on particulate agglomeration control. With this test, however, the phenate/sulphonate 
detergent (57 series) seems to act with better dispersancy than the salicylate detergent 
(58 series), which is in opposition to the conclusion from the blotter spotter tests that the 
salicylate showed better dispersancy than the phenate sulphonate .. 
I Dawn Chescoe and Peter J. Goodhew (1990). The Operation o/Transmission and Scanning Electron 
Microscopes. Royal Microscopical Society Microscopy Handbooks, no. 20. Oxford University Press, . 
Oxford. .,' . ~ 
1 Graham Lawes (1987), Scanning Electron Microscopy and X-Ray Microanalysis. John Wiley & Sons' .. 
Chichester. . 
l Andy Baker. Atomic Force Microscopy, http://teddy.phy.bris.ac.uklspmltechniqueslAFM.html. 
• P.1 Shuff and L.1. Clarke Imaging 0/ lubricating oil insolubles by.electron microscopyTribology 
International Volume 24 No.6 Dec. 1991 pages 381-387. 
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4.7 Recommendations for Further Work 
• Development of technique to include gasoline engine oil derived samples. Could be 
achieved by removal of particulate from the bulk sample by centrifuge, dissolving 
the oil in a solvent, centrifuge, decant, further solvent dilution, centrifuge etc. There 
would probably only be enough in a sump sample to achieve enough particulate to 
introduce to the Mastersizer. Another possibility is development of a thin film cell 
with no solvent dilution. 
• Taking into account engine running parameters with the particle size results and 
using multivariate analysis techniques may help to elucidate further trends in 
particulate agglomerations. 
• Different detergent I dispersant package chemistries and the effect other additive -
additive interactions and their effect on dispersancy in the piston ring zone. 
• Representing the particle size distributions in terms of relative number of particles in 
a size band over time rather then volume%. This would remove the ambiguities that 
arise with using volume% where other very large agglomerations exist. 
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5 Electron Microscopy Techniques. 
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5.1 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 
Analysis (EDX) 
5.1.1 Theory of SEM 
The resolution of the optical microscope is limited by the wavelength of light, 
typically 500 nm. Using electrons, with wavelengths of around 0.1 nm I , much better 
resolutions can be obtained. 
Electrons are emitted from a hot cathode, and are accelerated towards the sample by 
applying a voltage, in the order of kV to the anode. The beam of electrons is focused, 
using magnetic lenses, to a small spot on the surface of the sample. This spot is 
scanned over the surface by deflecting the beam with scanning coils, just as electrons 
are deflected in a television cathode ray tube. 
A schematic of the SEM is shown in Figure 5-1. Electrons are emitted from the 
electron gun, and are focused on to the sample through the lens. Electrons scattered 
from the surface of the sample are monitored by the detector, amplified and passed to 
the display. The scan generator is used to create the waveforms for controlling the 
beam deflection, which is passed to the deflection coils. 
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Scan generator 
~.--.GJ ..... -. CRT 
Figure 5-1 Schematic of SEM, Showing Primary Components 
Figure 5-2 shows the thermionic electron gun. The filament current controls the 
amount of electrons emitted from the surface of the filament. This should be set to 
obtain the maximum possible emission, where the emission becomes saturated. The 
bias / emission controls the total beam current, which affects the brightness of the 
image. The liT is the accelerating voltage for the electron beam. This is varied 
depending on the sample being imaged. A higher accelerating voltage penetrates 
further in to the sample, but generally gives less contrast in the image. 
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Figure 5-2 Thermionic Electron Gun in an SEM 
Electrons emitted from the surface of the sample can be observed with a detector. 
Most SEM's have a detector for secondary emission electrons. Secondary emission 
electrons are loosely bound conduction electrons from the sample, which are knocked 
out, by the incident beam electrons. Secondary emission electrons are widely used for 
topographical imaging. They are detected with a scintillation detector positioned 
behind a mctal mesh, which is used to attract or deflect low energy electrons. A 
positive bias will attract electrons, allowing secondary emitted electrons to reach the 
detector without having to be in line of sight. A negative bias on the mesh will repel 
low energy secondary emitted electrons, allowing only backscattered electrons to 
reach the detector. 
Backscattered electrons are electrons from the main electron beam, which have been 
deflccted through angles approaching 180 degrees. These can be detected using the 
secondary emission scintillation detector with a negative bias, as described above, or 
more effectively by using a dedicated solid state detector positioned above the 
sample. The detector in normally circular, and has a hole in the centre which allows 
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the electron beam to pass through the centre, and detects electrons which have been 
reflected back in the direction of the electron beam through an angle given by the 
diameter of the detector and it's distance from the sample. 
Commonly, an SEM also has an X-ray detector, which can detect characteristic X-
rays, emitted from the sample. This is usually a semiconductor detector, mounted as 
near to the sample as is possible. X-ray analysis is used on the SEM for element 
characterisation of the surface of the sample. 
An essential part of the electron microscope is the vacuum system. This is needed for 
two reasons; firstly to prevent the electron beam from being scattered by air 
molecules, and secondly to minimise contamination on the sample and instrument. 
Contamination in the microscope may lead to deterioration in performance. The 
pressure inside the vacuum chamber is typically 10-4 Torr. 
5.1.2 Theory of EDX 
When high-energy electrons are incident on a surface, the energy from the electron 
can be converted in to electromagnetic radiation in the form of x-rays. Electrons from 
the electron beam landing on the surface of a sample is an example of where this 
happens, and the x-rays emitted from the normal operation of SEM imaging can be 
used to provide information of the chemical composition of the sample2• 
Electrons from the beam are able to ionise atoms on the surface of the sample. This 
ionisation is not necessarily caused by removing an outer, loosely bound electron. The 
electron may be removed from an inner electron if the beam energy is high enough. 
When such an electron is removed, the atom is left in an excited state, which then 
returns to the ground state as electrons fall to lower energy states. Electromagnetic 
radiation is released in this relaxation process, with a wavelength proportional to the 
energy gap between the electron energy levels in the atom. The electron energy levels 
are characteristic of a particular element, so the wavelengths of the emitted x-rays can 
provide information on the elements present at the surface of the sample. 
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5.2 Atomic Force Microscopy (AFM) 
5.2.1 Theory of AFM 
Atomic force microscopy is a scanning probe microscopy technique developed from 
scanning tunnelling microscopy (STM). There are many similarities between the STM 
and AFM. Like the STM, the AFM uses a local probe to scan the sample surface in a 
raster scan, controlled by piezo-electric motors, which can position the tip to sub-
angstrom resolution. For STM operation, quantum mechanical tunnelling allows 
electrons to tunnel through the potential barrier between the tip and the sample. As the 
STM tip scans the surface, it measures the current passing through the tip, giving a 
signal proportional to the local electron density of states. The AFM does not rely on 
tunnelling, but measures the intermolecular force between the tip and the sample. 
One of the reasons for the success of the STM is that the electron probability density 
function decays exponentially in to the potential barrier. This negative exponential 
function gives a significant change in tunnelling current for a given change in height. 
As can be seen from the intermolecular force curve in Figure 5-3, 
the gradient of the repulsive force at close separations is very steep, giving a large 
change in force for a small change in separation distance. This is the key to the 
success of AFM. 
Force 
Repulsion 
(co ntact) 
/' 
Separation 
Figure 5·3 Intermolecular Force versus Separation Distance.3 
79 
CHAPTER 5. ELECTRON MICROSCOPY TECHNIQUES 
The tip is mounted on a cantilever, and laser light is reflected from the cantilever to a 
split photodiode. The difference between the signals A and B gives a measure of the 
bending on the cantilever, and subsequently the force between the tip and the sample. 
This is shown in Figure 5-4. 
Figure 5-4 Tip, Cantilever and Optics for an AFM 
There are parallels between the constant height and constant current modes of 
operation in the SEM and the operating modes of the AFM. The AFM can run in 
constant height mode, where the tip is scanned over the surface and changes in the 
force detected, and constant force mode, where the force is kept constant by a 
feedback control system and the height is measured from the amount of correction 
needed to maintain the constant current. 
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5.3 Transmission Electron Microscopy (TEM) 
5.3.1 Theory of TEM 
The principles of TEM are similar to SEM, differing in where the detector is placed 
with respect to the sample. In the SEM, the beam is incident on the surface of the 
sample, and backscattered and secondary emitted electrons are detected using 
detectors above the sample. In TEM, the electron beam passes through a very thin 
sample, and electrons are detected using a detector positioned beneath the sample. 
The geometry of the TEM is similar to the geometry of a conventional optical 
microscope, where a light source illuminates the sample and is positioned so that the 
light passes through the sample. Figure 5-5 shows a comparison between a 
conventional optical microscope and a TEM. 
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Figure 5-5 Comparison Between a Conventional Optical Microcope and TEM 
The TEM can provide information about the sample, which the SEM cannot provide. 
The SEM gives information about the surface of the sample. whereas the electrons in 
the TEM pass through the sample and can give information throughout the thickness 
of the sample. 
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5.4 Development of Experimental Methods 
5.4.1 SEM Imaging Methods and Oil Sample Preparation 
A sample, which is to be imaged in the electron microscope, must first be mounted on 
a suitable, conducting substrate. This is placed on an aluminium microscope stub that 
fits in to the microscope. The aluminium stub can simply be used as the substrate, but 
the rough surface can make it difficult to see the sample. A common choice for a 
substrate used at De Montfort University is a small square of silicon wafer, which 
conducts well enough for most purposes, is extremely flat, featureless and very pure. 
The oil sample used throughout the work in this chapter was the 480 minute sample of 
57f from the top ring zone of the AA 1 diesel engine as described in the previous 
chapters 
Any substrate that is used to mount the sample must have a good electrical connection 
to the stub. If the sample or substrates are not conducting enough, the area being 
examined will charge. This will tend to deflect the electron beam from the sample 
making the image dark. A good contact can be obtained by using conducting silver 
paint to adhere the surface of the substrate to the stub. If the resistance of the sample, 
or the conduction path from the sample to the stub is high, the stub and sample 
assembly can be coated with a thin film of metal. 
The most commonly used method is to sputter gold on to the surface. The stub, with 
the sample on the surface, is placed in an evacuated container, and a small amount of 
argon is introduced. A bias, in the order of 1 kV is set between the sample and a metal 
(gold) target, the target being negative with respect to the sample. The argon is 
ionised to form At, which is accelerated towards the target. Ar+ ions hitting the target 
eject particles of metal, some of which will land on the sample. 
A second method of coating the sample is to evaporate a metal, typically aluminium, 
in a vacuum. If a non-conducting substrate is used, such as glass or plastic, the sample 
must be coated with metal. 
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5.4.2 Separating Particulates from Oil 
Before any electron microscopy techniques can be used, the particles must be 
separated from the oil sample. This is particularly important in the case of the SEM, 
where the sample has to be placed in a vacuum chamber. Engine oil evaporating in the 
vacuum chamber will give poor results and could damage the instrument. 
Immersion of a Carbon Coated Microscope Grid in the Oil Sample. 
This is one of the techniques suggested by P. J. Shuff et. a1.4• The particles are 
removed from the oil by immersing a carbon coated copper microscope grid in the oil 
and washing with solvent. 
Very few particles were found on the grid when examined by SEM. A carbon coated 
nylon grid was used instead of a carbon coated copper grid for this experiment. This 
may have increased charging on the sample, preventing the imaging of the smaller 
particles, which would be expected to be observed using this method. However, the 
higher resolution images should have indicated the presence of these particles, even if 
the picture quality was poor, but none were found. 
Filtration. 
Attempts were made to separate out the particles by filtering the oil. A O.8jJm filter 
was used in a 25 ml Millipore filter funnel connected to a vacuum pump. A single 
drop of oil was dropped on to the filter paper and was washed through with petroleum 
ether under vacuum. The oil was washed through, leaving a deposit of soot particles 
on the filter. 
Sample filter papers were imaged using the SEM. The filter paper was mounted by 
simply sticking on to an aluminium stub with double-sided sticky tabs. It was found 
that the filter paper charged quickly, giving poor results. Sputtering with gold 
successfully prevented charging, and good images of the surface of the filter paper 
were obtained. An example is shown in Figure 5-6. 
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Figure 5-6 Gold Coated Filter Paper Imaged with SEM 
The number of particle on the urface of the filter was small. Only the larger 
particle , (greater than 50 f..I m) could be een. Smaller particles were lost in the detail 
on the urface f the filter paper. Attempt to increa e the number of particles on the 
paper by u ing more f the oi l ample when filtering caused the filter to become 
blocked with t gi ing a lid black urface to the filter paper, which revealed no 
detail. 
To overc me the pr blem with 10 ing the detai l of the particles in the complex 
tructure f th filt r, th fill r paper wa haken over a clean gla s microscope slide, 
which wa then xamined lind r the EM. Some particle were seen on the slide, but 
with the . mall number een, it i difficult to be certain that they were from the oil. The 
gla . lid wa g Id putt r d b for placing in the microscope. An image of some of 
the particle e n i . h wn in igur 5-7. 
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Figure 5-7 Image of Particles on Glass Microscope Slide that has been Gold Sputtered 
Filtration Using An Ammonium Chloride Pack. 
A filter was made by packing a yringe with ammonium chloride powder. 
Ammonium chloride sublime at 304 0 C, and so can be removed by heating. The oil 
was dropped on to the top of the fi lter pack and then wa hed through with heptane. 
The oil wa wa hed thr ugh leavi ng orne soot on the top of the fi lter. The top layer 
of the filter wa removed and placed on an aluminium stub, which was heated to 
evaporate the ammonium chI ride. 
A very mall am unt of the particle were trapped with thi method, mo t of the 
particle are wa hed thr ugh the filter. Attempt to grind the ammon ium chloride to a 
fin er p wder t trap m re particle were un ucce fu l, the particle sti ll washed 
through the filter. The t chniqu al require that the tub i heated to evaporate the 
ammonium ch I ride, which may alter the sample. 
Electro tatic Techniqu . 
An electr d made from a ingle trand of wire wa put in to a ample of particle III 
petroleum ether. The other end wa connected to a d.c. power supply and 30Y 
applied. The effect wa v ry mall, and only two or three particles were een to be 
attracted to the tip f the wire when viewed through a microscope. The wire was 
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sharpened in an effort to increase the electric field at the tip of the wire, but had little 
effect. Both positive and negative voltages were applied, and a large flat electrode of 
opposite potential to the tip was tried, both inside and outside the container holding 
the sample. None of these experiments gave any significant improvements. The 
methods were also tried on the original oil sample containing particles before 
centrifuging, also with poor results. 
Separation Using A Centrifuge. 
By far the most successful method was to separate the particles from the oil using a 
centrifuge. An ordinary bench top centrifuge was used which was capable of speeds 
of up to 6000 rpm. Centrifuging the oil without first mixing it with petroleum ether 
does not give any separation, so about I cm3 of sample is put in to the centrifuge tube 
and mixed with petroleum ether to fill the tube to approximately 2/3 full. The actual 
amounts of sample and solvent are unimportant, as the technique does not provide a 
quantitive sample. The mixture of solvent and oil sample is then centrifuged at 6000 
rpm for 5 minutes, and some separation of the particles can be seen. The oil and 
solvent mixture is then removed from the tube, leaving the concentrated particles in 
the tube. More solvent is added, and the process is repeated until only particles in 
solvent remain. About six repeats are necessary to dilute the oil sufficiently for SEM 
work. The best indication is to compare the colour of the centrifuged sample to the 
colour of petroleum-ether. It was found that if no colour difference can be seen 
between the petroleum-ether and the sample, successful images could be obtained 
with the SEM. 
5.4.3 Mounting Particulates on a Substrate. 
The methods described relate to mounting a sample, in the form of soot particles in 
solvent, on to a suitable substrate for SEM imaging. It is assumed that the particles 
have been separated from the oil by the method described previously (separation 
using a centrifuge). 
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Mounting Directly On An Aluminium Stub 
The surface of an aluminium microscope stub is roughly mac hined, making it difficult 
to see any particles on the surface under an SEM . The aluminium stub was poli shed 
using fine sandpaper to give a clearer image. After cleaning with petro leum ether, the 
sample is dropped on to the stub and allowed to evaporate. The stub is then moun ted 
in to the SEM with no further preparation. Some part icles were seen on the surface of 
the stub, and it is possible that these are soot parti cles fro m the oil sample. F igure 5-8 
shows some partic les on the surface of the stub . Lines can also be seen on the stub 
where it has been poli shed. 
Figure 5-8 Particles on the Surface of an Aluminium Stub 
It is difficult to ay with any certai nty that the particles shown in Figure 5-9 are fro m 
the ample because the urface of a ' clean' aluminium stub also shows surface detail s 
which could be seen a particle . 
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Figure 5-9 lean Aluminium Stub 
Mountin n i1icon 
A quare f ilic n wafer, appr ximately 5mm on each ide is tuck to the top of an 
aluminium tub with d uble ided ticky tab. ilver paint wa u ed to give a good 
c ntact b twe n the 'urfa e f the ilicon wafer and the aluminium tub. A few drops 
f the ample wer dr pped n t the . urface f the ilicon and the olvent allowed to 
evap rat . Thi was then m unted in th M. 
The ample ' pr par d b thi . meth d ga me g d re ults , h wever the particles 
the ima qualit , e. pecially with the mailer partic le. 
nub. lrat b r flat and featur Ie however, making it an 
id al . ub. trul in lhi ~ r ~p l. 
M unting n n . Iuminium old tag tub. 
m th sam I a~ dr pp d n t an aluminium Id lage tub whieh appeared 
than th aluminium . IU n rmally used, h wever 
irr gulariti ~ f th slub . till mad il diffi ult t the partiel n 
imag th stu Wi lh parti I s n th . urfacc i. h wn in Figure 5-10. 
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Figure ~·1 0 ParticJ on a old tage Aluminium Microscope Stub 
Mounting n Tran parent Pia tic Film. 
A 5 mm wid trip f tran. parent pia tic fi lm cut from an overhead projector !ide 
wa dipped in t the c IHainer ontaini ng the particle in olvent. It wa found that the 
particle ti ck t the JIm ry w II , and i a good way of removing the partic le from 
the Ivent and gelling them n t a ub trale. The end of the trip i then cut off, 
leaving a 'quar f appr imatcly 5mm n each ide which i tuck to an aluminium 
tu u ' ing d ubi . idcd . ti k tabs. au th ub trate i non-conducting, th tub, 
wi th the film and :ample ' tu k t it i sputter d with gold. Thi method gave excellent 
re ults, i ur - II sh ws parti Ics fr m th il nth nat pia tic f ilm urface. 
f pia ti film , which had been dipped in p troleum 
eth rand Id sputt r d and app ar d blank. 
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Figure S-l1 30J.lm Particl mounted on Tran parent PIa tic Film and Coated with Gold 
ample prepared on a quare of ilicon wafer cou ld of cour e be gold sputtered to 
reduce charging, but the advantage of the pia tic film method is that the particles 
read il y tick t the urfac. The fi lm can be u ed to extract the particles by imply 
dipping it in t the ample. If thi i done wi th ilicon, no particles tick to the urface 
To get particle n t the urface f iii on, the ample ha to be dropped on to the 
urface and all wed I evaporate, and much fewer particle are een than when fi lm i 
u ed. 
5.4.4 Mounting Particl For ED Analy i . 
M unting n Pia ti Film. 
X wa tri d n th sumpl pr par d n tran par nt pia tic film. Although thi 
e cr littl wa gain d fr m the EOX data becau e the 
larg am unt 
I m nt., whi h may ha ampl , w re further ob cured by 
ha ing X-ray n rgi . n ar t n rgi . f g Id tran. iti n . Thi how that any 
m th d m unting th :ampl . , whi h includ g Id putt ring, i un uitable for 
X m a. urcm nl.. 
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Mounting Directly On An Aluminium Stub. 
The aluminium stub was polished with fine sandpaper to give a flat substrate and to 
remove the surface oxidation. The stub is then cleaned thoroughly with petroleum 
ether. A few drops of the sample were dropped on the stub and allowed to evaporate. 
EDX scans of particles showed AI, Bi, Si, Pb, Ca, Cu and Fe. Scans of blank areas of 
the stub showed AI as expected, but also significant quantities of Cu and Fe, showing 
that the aluminium stubs are not pure enough for EDX work. 
Mounting On Silicon. 
A square of silicon wafer, approximately 5 mm on each side was stuck to the top of an 
aluminium stub using double sided sticky tabs. A good contact was made from the 
surface of the wafer to the aluminium stub using silver paint. After cleaning in 
solvent, a few drops of the sample were dropped on to the surface of the wafer and 
allowed to evaporate. 
EDX scans of blank areas of the wafer showed only silicon, with no other elements 
prescnt. Scans of particles gave good results, showing 0, Na, Mg and Ca. These 
results show that silicon makes a very good substrate for EDX analysis. A spectrum 
obtained from a blank part of the wafer is shown in Figure 5-12. 
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Figur 5·12 D p ctrum of Blank area of i1icon ub trate howing only presence of Silicon 
5.4.5 M unting Th Pa rti I r FM. 
M unting n iii on 
A ~ w dr ps th ' sample \ er' dr pp d n t a quar f ilicon approx imately 5 
mm n uch sid ' . It wa. n btain an r ult u ing thi method becau e 
th arti I s w r push 'd ut f th wa wh n th lip canned the urface. 
ery thin la 'r Id Wtl!\ . pull r d n t th . urfa e f th ample. Thi wa 
arti I's in pia hil the tip . anned the urface. 
5.4.6 untinA h Parti I ' • r T • M. 
unting n pp r rid. 
~ M rid \! ' pi a d in t an aluminium h Id r and a few dr p of ample 
th . urfa f th rid . h . I ent wa. hed thr ugh th grid 
I a ing,' m p' rti I S Ira p d in th rid . hi . wa. m unl d dir ct ly in to the TEM. 
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5.5 EM Results and Conclusions 
5.5.1 Results From EM Imaging 
SEM Image Of Particle On A Pia tic Film Substrate 
Figure 5- I 3 how a election of particle on a pIa tic film ub trate. The film and 
particle have been gold puttered. The image how several large 10 , . .uTI - 30 J..lm 
particle and numerou mailer I J..lm particle on the surface. Thi is typical of the 
re ult found on the SEM image and compare we ll to the results from particle izing 
u ing la er cattering. The image wa taken with an accelerating vo ltage of SkY at a 
magnification of 476 X. 
igur 5· J t Pnrti I on n Tran parent PIa tic Film ub trate 
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SEM Image Of Different Particles 
Figure 5- 14 how an enl argement of Figure 5-13. The particle on the left shows 
mall ( 100 nm) flake on the urface of the particle. Thi wa seen on other particles 
in the sample, and imilar feature were ju t vi ible on a sample prepared for EDX 
analy i ,although an EDX urface can wa not performed on uch a particle. 
igur 5- J4 • nlorg d ti n of Pr > iou ' 1m. ge how mall Particl and Flake on urface of 
Lorgcr Parti I 
n th right , a . a parti I n . en with imil ar fl ake, and al 0 a number 
of mall parti I Jlm r mall r n th urface. The particle are likely to be 
carb n. 
n in igur 5-15 hay a ery different appearanc , d pite 
c ming fr m lh :am il . ample and b ino appr imately th arne ize. orne 
partie I . fr m th il app ar t larg ingl particle wh rea other are 
5 
CHAPTER 5. ELECTRON MICROSCOPY TECHNIQUES 
agglomeration of mailer particle . Section 5.6 how that the agglomeration are 
made from chemical I different particle. 
Figur -J 5 Purti Ie ' E hibiling Marked Difference in Morphology 
Imag through a rang f rna nifieation 
Jmag w r takcn thr ugh thr rd r. r magnitude f magnification (Figure 5- 16, 
igur - J 7 and igur - I wing that particle over a wide distribution of izes 
ar pr . cnt. 
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Figure 5-16 1 000 X Magnification 
Figur 5- 17 10000 X Magnification 
Figur 5- 18 100 000 X Magnification 
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Figure 5-18 suggests the presence of particles smaller than 100 nm. Particles of this 
size were not identified using laser scattering particle size analysis. AFM results also 
gave an indication of particles of this size and smaller. 
5.5.2 Conclusions from SEl\I images 
Good images of the particles separated from the oil can be obtained using transparent 
plastic film to remove the particles from the solvent, mounting the film on an 
aluminium stub and coating with gold. Images of particles down to 100 nm in 
diameter can be obtained. 
The results show that particles can be found over a large distribution of sizes, from 
100 nm to 30 Jlm. in diameter. The larger particles show flakes and small particles as 
surface detail. EDX analysis gives more information on these surface features. 
Particles of similar size, which are from the same sample, can have a very different 
appearance, and some particles are agglomerations of smaller particles. 
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5.6 EDX Analvsis Results and Conclusions 
5.6.1 EDX of a Blank Part of the Silicon 'Vafer 
A blank part of the silicon wafer (an area where no particles could be seen on the 
silicon surface) was selected and an EDX spectrum was obtained for this area. The 
spectrum is shown in Figure 5-12. The spectrum shows a single large peak for silicon, 
demonstrating that the silicon surface is a good choice for a substrate for EDX 
analysis. The peak at zero on the x-axis is to mark the position of zero on the 
spectrum for calibration. 
5.6.2 EDX Of Particles 
An image of 3 10 Jim particles was obtained on the SEM. One of the particles was 
selected and the spectrum taken. The particle appeared to be an agglomeration of 
smaller particles as seen on the SEM image. The spectrum clearly shows oxygen and 
calcium, with smaller peaks for sodium, sulphur and chlorine and is shown in Figure 
5-19. 
99 
CHAPTER 5 . ELECTRON MICROSCOPY TECHNIQUES 
~ ------------~&----------------------------------------------------
-
-j 
l 
.1 
.j 
, . 
I 
, 1 ~ l 
J • 
- 0 1 \ J 
J'\ t-.....fltJ ,_ . J~ ~ • i I 
o 2 
l .--CI I 
J ~ ~~~~~=====r. ~===-==~~ _______ ~~_~J 
1 ""-
• Energy (keY) 
Figur 5-19 EDX pectrum of la rge IOlJm Particle. lear a and 0 Peaks. Di cernible Na, Sand 
I Peaks. 
The nlarged pectrum h wn in Figure 5-20 how peak for magne ium zinc and 
aluminium. 
i CI 
! I 
11 
). 
II 
.-) .... ~ I , 
~. 
,s CI 
. 
,t 
L 
,i J 1 IIg I '. i 
~\ -~ I f 
CI 
J 
s . I 
~ . 
0 
0 Energy (kl Y) 
iAlIr -2() i 1. Anifi • ti n of pr iOll Figllr howing p a for Mg, Zn and I. 
CHAPTER 5. ELECTRON MICROSCOPY TECHNIQUES 
Figure 5-21 how the pectrum of a imilarly sized (10 11m) particle from the same 
SEM image, but how a very different spectrum from that seen in Figure 5-19. The 
spectrum how peak for iron , aluminium and pota sium. 
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Figur 5-2 1 pcctrum from imjlarly izcd Particle nut howing AI, K and Fe. 
A 3 11m parti Ie mad fr man aggl merati n of mailer particle wa elected 
whi h wa z med t fill th ntire image and a ingle crystal wa elected for the 
X an. h igur 5-22 how that the cry tal i predominately 
c I ium, with a mall p ak f r x gen. 
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5.6.3 EDX Particle Surface Scans 
The EDX can be set to scan over the surface of an entire image and record the number 
of x-rays detected from each part of the image for specific energies. A spectrum of a 
chosen particle was obtained from a line scan across the particle and the energies of 
the most prominent peaks were used to set the EDX scan. The EDX will then record 
the position in the image for each detected x-ray at these selected energies. 
A particle, approximately 50 11m x 20 11m was found on the SEM and the 
magnification set to fill the image with the particle. The line spectrum indicated that 
0, AI, Sand Ca were present and peaks with these energies were selected for the 
EDX as well as Si for the substrate. A surface map of the image for these energies 
was then taken with the EDX. The results are shown below in Figure 5-25, Figure 
5-26, Figure 5-27, Figure 5-28 and Figure 5-29. 
The images were created by taking the .tif files generated on the EDX computer and 
using software to combine them with the base image. The EDX gives a black image, 
with areas becoming progressively lighter where more x-rays are detected at any 
particular point. Computer software (Paint Shop Pro) was used to create a negative 
image and turn it from a grey scale image to a colour image. Areas where x-rays of 
the correct energy are detected are now shown as colour on the image. This map was 
then merged with the base image using Aldus Photostyler. To create the map of 
aluminium and calcium, the aluminium map was simply merged with the already 
merged image of calcium and the base image. 
Figure 5-24 shows a low resolution image of the particle at all energies for 
comparison to the EDX results. Figure 5-25, Figure 5-26 and Figure 5-27 show the 
maps for Ca, Al and ° respectively as colours overlaid on to the base image. Figure 
5-29 shows the maps of AI and Ca overlaid as different colours on to the base image. 
From the base image in Figure 5-24, the particle appears to be made from several 
smaller particles, each approximately I 11m in diameter. The EDX results show that 
the different particles making up the large particle are made from different elements. 
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Cry tal can be een that clearly have a high calcium content and other areas of the 
particle are made from aluminium, but there are very few areas made of both calcium 
and aluminium. 
The areas of oxygen, Figure 5-27, clo ely match the area of aluminium, suggesting 
that the urface of the aluminium i oxidi ed. In practice, this is likely, because the 
ample wa made everal day before the EDX re ults were taken and aluminium 
oxidi e quickly. Further te t could be made to ee if the aluminium particles from 
imilar oil ample are, in reality, oxidi ed by taking fre h samples from the engine 
and then eparating and mounting the particle before they had time to oxidise. Tests 
could al 0 me made t ee if the aluminium oxidise while it is till in the oil. 
The map of (Figure 5-2 ) how no locali ation on the particle, howing that any 
ulphur pre "ent i caltered throughout the ample. In reality, any sulphur energies 
recorded may ha e been I t in the background noi e becau e of the mall ize of the 
peak. Hence, the . ulphur map may ju t be howing a random catter of background 
noi e. 
igur 5-24 gglomcrat d Parti I 
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Figure 5-25 Area on urface of Ca hown in Blue 
Figur -26 Ar a on urfa e of AI hown in Green 
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Figure 5-27 Areas on Surface of 0 Shown in Red 
Figure 5-28 Areas on Surface of S Shown in Pale Blue 
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Figure 5-29 Areas on Surface of Ca (Blue) and AI (Green). 
5.6.4 EDX Concentration Maps 
Figure 5-30, Figure 5-31 and Figure 5-32 show maps of the concentrations of oxygen, 
aluminium and calcium respectively. The areas of yellow have the greatest 
concentration, with the concentration reducing through red, purple, blue, pale blue 
and green as the lowest concentration. White areas have no recorded x-rays at that 
energy. Again, the map show localised regions of calcium and aluminium, which 
compare to the maps shown in Figure 5-25, Figure 5-26 and Figure 5-27. 
Figure 5-31 shows the concentration of aluminium in the particle. The light green 
background uggests a concentration of aluminium but is in fact silicon as their EDX 
energy peaks overlap. White patches where neither silicon nor aluminium are 
observed. 
It should be noted that the colours representing concentration are not calibrated 
between each map, and the maps are in effect normalised to a maximum concentration 
for each individual map, represented in yellow. The levels of concentration do not 
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given quantitative values and are intended only as an indication of the levels of 
concentration over the surface. 
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Figure 5-30 Concentration Map of Ca on the Particle 
Figure 5-31 Concentration Map of AI on the Particle 
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Figure 5-32 Concentration Map of 0 on the Particle. 
5.6.5 Conclusions From EDX Analysis 
EDX is a useful method for obtaining an analysis of the elements on the surface of the 
particles. Silicon makes a suitable substrate because of its purity, and the problems 
with charging found with using silicon as a substrate for imaging are not as limiting 
with EDX because the image quality does not need to be as high. Individual particles 
can be selected and the spectrum of that particle can be taken. Agglomerations of 
particles can also be scanned and individual particles from the agglomeration can be 
selected and the spectrum obtained if a good enough image can be obtained on the 
SEM. 
Surface scans of particles are possible and give very good results. A higher image 
quality is needed for a surface scan to obtain a fine resolution, and this becomes more 
difficult for smaller particles because of problems with charging on the silicon 
substrate, but excellent results can be obtained from particles greater than 1 /Jll1. 
Surface scans of agglomerates clearly show the differences in the constituent particles 
in the agglomerate. The concentrations of elements on the surface can also be 
obtained using image processing software. 
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Individual particles consisted of calcium and oxygen or aluminium, potassium, iron 
and oxygen, although a thorough analysis of many particles is needed before any 
conclusions about the physical nature of the particles can be made. 
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5.7 AFM Results and Conclusions 
5.7.1 Images Of Particles At Different Magnifications 
The following images were taken using the atomic force microscope. The images 
were taken over a range of magnifications. The number written above each image is 
the length of one of the sides of the (square) image. 
Figure 5-33 AFM Images of oot Particles on a Silicon Substrate Over a Series of Magnifications 
The surface features seen are probably soot particles from the oil sample. The clean 
surface of the silicon wafer was imaged, and revealed no surface features, appearing 
very flat. The surface feature were seen after a drop of solvent containing carbon 
particles was dropped on to the surface and gold coated. The objects seen in the 
images are larger than the size of the particles of gold, which the sputtering process 
deposits « 10 nm), so it looks probable that they are from the oil sample. 
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5.7.2 3D Image Of The Particles And Tip Convolution. 
Figure 5-34 shows a 3D projection of the silicon surface, showing surface features 
measuring tens of nanometers in diameter. The objects appear as peaks on the surface 
of the substrate rather than spherical particles. The reason for this can be understood 
by looking at how the tip scans over the surface of the sample. 
Figure 5-34 3D Projection of the ilicon Surface. Observe Features 10's of Nanometers in 
Diameter 
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Figure 5-35 Representation of Tip Convolution Error. Tip is of Comparable Size to Particle 
When the edge of the tip reaches the edge of a particle, it begins to rise as it moves 
over the particle. The end of the tip is not actually in contact with the particle until it 
reaches point • A'. Before this point, the height of the tip varies according to the angle 
of the point at the end of the tip. After point A, the tip follows the surface of the 
particle correctly. Similarly, the tip will follow its slope at the other side of the 
particle. While the end of the tip is not in contact with the sample, the AFM is only 
giving information on the tip, and not on the particle. The AFM will only give 
information on the particle when the end of the tip is actually touching its surface. 
This is further demonstrated in Figure 5-36. 
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Figure 5-36 Height of X-Section through Image Shows Larger Particles Approx. 20nm diameter 
This shows a cross section through the data taken from the AFM. The green and red 
markers indicate a size of 40 nm to 50 nm. This is in fact larger than the actual 
diameter for the reasons described. The height of the particle gives a much better 
indication of their true size. The y axis, which is calibrated in nanometers shows that 
some of the larger particles are approximately 20 nm in diameter .. This is further 
evidence to suggest the existence of sub 100nm particles, which were indicated by 
SEM. Particles smaller than 20 nm, should not be considered as definitely being from 
the sample because these sizes approach the size of the gold grains deposited by 
sputtering. 
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6 Final Discussion and Conclusions. 
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6.1 Final Discussion 
The Blotter Spotter work showed that the succinimide dispersant used in the 57a!b/c and 
58a!b/c oil series did not appear to be successful in the piston ring zone. The high 
temperatures in this zone preclude proper function of the dispersant, leaving any 
dispersancy action down to the detergent additive in the formulation. The mixed 
salicylate detergent additive was better than the phenate/sulphonate detergent additive in 
this respect. The particle size analysis results similarly demonstrated that the dispersant 
has very little impact on particulate control in the piston ring zone, especially in the 
results from the first matrix of oils. However the conclusion from the detergent is 
different, that the phenate/sulphonate, rather than the mixed salicylate detergent showed 
better results. The Blotter Spotter test determines an oils ability to disperse insolubles 
over a silica plate, whereas the particle size analysis determines the oils ability to resist 
particle agglomeration. Both of these properties are related to the dispersancy of the oil. 
In the blotter spotter test, the few large particle agglomerations might not be dispersed 
very far, probably not to the limit of the particulate front in the oil spot, whereas the 
much larger number of much smaller -0.81-1 m particles would. As such, the method only 
measures the oils ability to disperse small particulate. The particle size analysis 
technique is much more sensitive to particulate agglomerations and so this technique 
can further the information on an oils dispersancy. 
In interpreting the particle size analysis results, however, agglomerations cause 
problems with the interpretation of the trends seen in the -0.8I-1m size band making it 
difficult to compare oils of different formulations. Changing this method to use the 
numher of particles rather than the % in volume would enable better interpretation and 
particle size analysis would then be able to replace the function of the blotter spotter 
test. The blotter spotter test is a very rapid and cheap method, but it is limited in it's 
ability to characterize all aspects of top ring zone oil dispersancy. At the moment, used 
in conjunction, the two methods can fulfil this role. 
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Although the Blotter Spotter work was not carried out on the second matrix of oils, with 
its dispersant selected for improved diesel engine performance, the particle size analysis 
showed an improvement in the dispersancy performance, at least by showing that the 
treat rate of the dispersant now had a discernible effect that was not evident from the 
particle size analysis of the first matrix of oil samples. 
Both the Blotter Spotter and Particle Size analysis results demonstrated that dispersancy 
and particulate control are superior in the sump region with any of the additive systems 
tested. This region of the engine is much cooler than in the ring zone and has a larger 
volume of oil with available dispersant for dispersion of solids. 
Blotter Spotter and Particle Size Analysis work demonstrated that both of these 
techniques are not really suitable for studying particulates and dispersancy in oil 
samples derived from the piston ring zone of a gasoline engine. 
The morphology studies showed successful methods for the preparation of particulate 
from used oil samples for use with SEM and EDX for qualitative studies. The 
examination of a phenate I sulphonate based detergent pack lubricating oil from the top 
ring zone (with zero dispersant - chosen because the particle size analysis results 
showed the two most distinct particle size bands and the clear crossover of O.8J..1m to 8-
12J.! m agglomerations) showed particles of the following size ranges; sub-micron 
particles (ohserved by SEM and confirmed by AFM), -1J.!m and >lOJ.!m. 
Much of the SEMIEOX work centred on development of those techniques for analysis 
of used diesel oil samples finding that for SEM the best substrate for the particles was in 
fact transparent plastic film followed by gold sputtering to eliminate the charging that 
would be seen from the plastic substrate. For the SEMIEOX then the gold sputtering 
was not to be used. Mounting the particles on silicon wafer was the preferred solution as 
the silicon is very pure and although charging of the silicon wafer does take place, the 
image quality is sufficient for EOX. 
The SEM images confirmed the presence of the larger aggregations seen with the 
particle size analysis. Distinct types of particles were seen. Those smaller 
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agglomerations aggregations that can be attributed to soot and the very much larger, 
crystalline structure that warranted further investigation by EDX. The EDX analysis of 
this type of particle showed it to mainly consist of calcium, oxygen, sulphur and 
aluminium. The aluminium likely to be soluble wear element, while the other main 
constituents are likely to be sulphates of calcium and originate from the detergent 
portion of the additive package. 
The dispersant and detergents seem to form a synergy with each other and certain types 
of dispersants might be more effective with some detergents and at specific treat rates. 
The combination of the Improved Blotter Spotter and the Laser Scattering Particle Size 
Analysis techniques as applied to piston ring zone oil samples could be used as a 
generic screening test for dispersant/detergent additive effectiveness in the piston ring 
zone. Combining this further with morphology studies such as the SEMIEDX method 
described here can also yield details of the agglomerations and aggregations produced 
when particulate control in the piston ring zone is seen to be out of control. 
The old ring pack designs of the diesel engine used in this study, as previously 
mentioned, with no low emissions criteria to fulfil, has a relatively high lubricant 
replenishment rate through the ring pack of relatively fresh sump oil. A more modern 
low emission engine would not replenish the ring zone oil as quickly and would subject 
the detergent/dispersant package of the oil to a greater ring zone residence time, 
stressing the oil further. The sump oil, especially in a modern diesel engine would be 
expected to contain a great deal more soot, at up to 5% by weight. This already sooty oil 
for ring zone replenishment and higher residence time in the ring zone might show a 
decreasing dispersancy performance over time in the piston ring zone of a modern low 
emission diesel engine. Any dispersancy I particulate control studies or screening tests 
would be better served with the use of a more modern diesel engine with a flying tube 
piston ring zone sampling system applied. 
The particulate size ranges observed from the Laser Scattering Particle Size Analysis, 
the SEM and AFM gave results that were in agreement with the literature. Some 
researchers also use SEM or TEM for generic particle size distribution analysis, using 
image analysis techniques to determine size distributions. It is an expensive method and 
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can easily be replaced by the much cheaper and very much more rapid laser scattering 
particle size analysis method. Recently, optional units have become available on laser 
scattering particle size instruments that can determine particle sizes down to 0.05J.lm, 
within the region of primary particulate sizes, before the first agglomeration takes place. 
This also further strengthens the case to use against the use of SEMffEM and towards 
the use of Laser Scattering Particle Size analysis but also now negates the need to use 
the AFM for studying primary particulates. 
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6.2 Conclusion 
In reference to the original objectives stated in Chapter 1, TRZ sampling was 
successfully used in the Petter AAI and WI engines and on the two matrices of engine 
oil formulations and the samples generated for the purposes of the analytical study, 
which followed. 
The Blotter Spotter Technique was successfully developed and improved for the study 
of remaining useful dispersancy of the above degraded lubricants from the piston ring 
zone finding that: 
• Full dispersant treat not better than half dispersant treat in TRZ in either gasoline 
or diesel engine 
• Full dispersant treat better than half dispersant treat in sump of diesel engine 
• Mixed salicylate detergent acts with dispersant performance in the TRZ of 
gasoline and petrol engines 
• Succinimide dispersant is overall, not effective in the TRZ of diesel or gasoline 
engines in terms of dispersancy described by the blotter spotter test 
The laser scattering particle size analysis technique was also successfully developed to 
investigate the particle size distributions of the above degraded lubricants from the 
piston ring zone finding: 
• Direct evidence of particle agglomeration and aggregation and breakdown of 
dispersant control in the piston ring zone 
• The phenate/sulphonate additive formulations performed better in the TRZ than 
the salicylate formulations in terms of control of particulate growth 
• The high molecular weight thermal succinimide dispersant is less effective than 
the lower molecular weight variant of the same dispersant in terms of control of 
particulate growth in the TRZ 
• Overall the dispersant performs poorly in the TRZ but can be influenced by 
dispersant type 
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Electron Microscopy techniques were developed and applied to the study of used TRZ 
oil samples. The SEM work concluded: 
• Plastic OHP transparency film was the best substrate for SEM images after the 
particulate had been applied and the sample gold sputtered 
• Three distinct types of particulate observed. Small singular or small 
agglomerations of carbon. Larger aggregates of carbon and much larger 
crystalline structures, subsequently studied by EDX 
The EDX analysis technique was developed and concluded: 
• Silicon wafer was the best substrate for insoluble oil particles for SEMlEDX 
analysis 
• Analysis of a crystalline structure showed the particle to primarily consist of Ca, 
S, 0 and AI. This type of large particle is probably a sulphate of calcium and 
originates from the detergent portion of the additive package. The AI formed 
from wear particulate 
• EDX surface scans and image manipulation showed that the Ca and Al occupy 
distinctly different areas of the particulate studied 
AFM was developed for the study of soot particulates and confirmed the presence of 
primary unagglomerated particles of soot. 
In conclusion, this thesis has shown that the two succinimide type dispersants tested do 
not perform adequately in the piston ring zone, but do perform in the sump. The 
detergent additives perform the role of dispersant in the piston ring zone. 
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6.3 Recommendations 
Blotter Spotter 
In order of priority 
• Further development of the method, especia11y improving spot application with 
accurate automated liquid handlers or automated TLC spotters 
• A comparison of dispersant types, especially succinimide dispersants of different 
molecular weights 
• Comparisons of dispersant performance with respect to engine load and speed 
• Investigations of other additive-dispersant interactions and impact on TRZ and 
sump dispersancy performance such as interactions between ZnDTP-dispersant 
and friction modifier-dispersant 
With a suitably designed and statistically driven experiment, there is scope to transpose 
this method into a measure of remaining useful dispersancy of diesel engine oils. This 
can be applied to top ring zone oil samples or as a general engine test or field method 
for sump samples. 
Particle Size Analysis 
In order of priority 
• Representing the particle size distributions in terms of relative number of particles in 
a size band over time rather then volume%. This would remove the ambiguities that 
arise with using volume% where other very large agglomerations exist. 
• Different detergent / dispersant package chemistries and the effect other additive -
additive interactions and their effect on dispersancy in the piston ring zone. 
• Taking into account engine running parameters with the particle size results and 
using multivariate analysis techniques may help to elucidate further trends in 
particulate agglomerations. 
• Development of technique to include gasoline engine oil derived samples. Could be 
achieved by removal of particulate from the bulk sample by centrifuge, dissolving 
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the oil in a solvent, centrifuge, decant, further solvent dilution, centrifuge etc. There 
would probably only be enough in a sump sample to achieve enough particulate to 
introduce to the Mastersizer. Another possibility is development of a thin film cell 
with no solvent dilution. 
Studies of Particulate Morphology in the TRZ 
In order of priority 
• SEMIEDX on a larger sample of particulates to further elucidate types of 
particulates found in the TRZ 
• Application of the TRZ sample and SEMIEDX technique to study the changes in 
particulate morphology throughout the engine run 
• Vary the types of dispersant and detergent packages used in the original oil 
samples to examine how additive systems influence the particulate morphology 
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Appendix I - Particle Size Contour Plots for Petter WI 
T"" 
0 
0 
~ 
CO 
~ 0 It) 
0 v C"l J, 6 
C') C') 
0 • 
T"" 
0 
Ci3 
" Lt) e 
M 
Lt) 
Q) 
....J III t- c 
<C 
°e L. 
0 0 
-
(0 
C M 
0 I 0 :;: (0 
::I N 
.Q 0;: a: 
-
..... 
o!!? .,... 
0 :: 
CI.) 
N 
en 
CI.) 
u 
t: 
CIS Q. 
0 It) 0 It) 
C"l (\J (\J 0 
J, 6 J, 6 T"" It) (\J (\J J, 6 
0 • 0 0 • 0 
IOAUI % 
\ O~ to 
o 
to 
C"l 
66vL9'9L9 
9SS0v'Lv9 
~ 9900 'LLv 
SLLS '£O ~ 
LS ~£ '9L 
G6GG'9S 
E 
~ 
Q; 
4i 
E 
to 
0 
QI 
U 
t: 
to Q. 
~ ~ m r---------------------.------------~9.CD 
en IlJ < 
"0 :::!: ~ 
~ g c5' 
~. I\) :J 
<0 ..... (I) U1 
W 
o 
" III :l 
n' 
CD 
o 
iii' 
3 
!a 
/I) 
~ 
3 
647.40558 
878.67499 
~ 3" 
It 
3 
:;-
UI 
w 
0 
ow 
Ol 
0 
• [J • 0 0 '{' 0, ? ~ 
0 
U1 
".In Vol 
[J • I\) 
U1 0 
N N 
0 U1 
~ fil a 
[J • [J I\) w w 
U1 0 U1 
c:., c:., 1.. 
0 U1 0 
""0 
Q) 
a 
o 
1D 
~ 
~ 
=EQ 
.... rn 
~:;-
:D - -N[ O)=: 
90 
w:l 
en -00 3 ~ 
-:l> 
:l ~ rn ,.. 
<0 
U1 
~ 
~ 
'" ~ 
Q 
:t 
C/) 
o 
~ 
o 
~ 
c 
Ol 
i\l 
o 
o 
..... 
.... 
0 
0 
~ (0 0 l!) 0 l!) 0 l!) Q v (') (') C\J C\J .... 0 
.;, 6 .;, 6 .;, 6 .... ~ '<t , 
0 (') (') C\J C\J l!) 0 0 • 0 • 0 0 • 0 
66vL9"SLS 
S990V"Lv9 
N 
0 
-
0 ,... 
It) 
~ 
M 
It) 
0) 
..J 1/1 l- e: 
c:t E l-
e 0 
-
(0 
e: M 
e I 0 
:;:: (0 
:::l N 
.c 0a: a: 
-
t-
o!!? .,... 
c 
Q) ~ 
N 
<ii E ~ 
Q) >:: 
c:; Q) Qi :;:: E l-
ns CII 
a.. C 
Q) 
U 
t: 
CII 
11. 
IOAU!% 
,.... 
0 
0 
~ (D 
~ 
'<t 
0 
.... 
~ 
co L() 
~ 
II) 
0) 
...J (/) 
t- e < .-~ E 
00 
00- eD 
eM 06 
:SeD 
,ON 
.;: a: 
_t-
,~ ,... 0;: 
~ 
en 
Q) 
(j 
t: 
C1l 
0. 
0 l!) 
.;t 
"? 
.;, 0 
C'l C'l 
0 II 
0 l!) 0 l!) 
"? N N .-6 .;, 6 It) 
N N 
0 • 0 0 
10 /\ ul % 
0 
.;, 
• 
It) 
6 
[] 
o 
to 
C'l 
66vL9 '9L9 
aSSOv'LV9 
E 
~ 
.. 
CII 
1ii 
E 
cu 
i5 
CII 
u 
t: 
cu 
n. 
o 
C') 
L()OCll 
.... C\J ,~ 
B et) 
,- 0 Cll ca ';::; 0. 
> ro (/) ~OQ; L-________________________________________________________________ ~ W ~ ~
..... 
0 
0 
~ (0 
Q 
~ 
0 
0 10 0 10 0 
v C? C? C\J C\J 
.;, 6 .;, 6 .;, 
C? C? C\J C\J 
0 • 0 • 0 
T"" 
~ 
,g 
co 
It') 
~ M 
It') 
0) 
-oJ (/j 
.- c 
< E ... 
0 0 
-
<0 
C M 
0 0 
:s <0 
,g N 
.;: a:: 
-
t-
.!!! T"" 
0 :: 
~ (j) 
Q) 
(j 
:e 
IC 
0-
lOA ul % 
10 
0 
6 ~ 10 
.;, 6 
0 • 0 
Ul 
C 
0 ~ 
<0 E C? 
i= 
66vL9'SLS 
SSSOv'Lv9 
~S900 'LLv 
E 
~ 
~ 
CII 
Qi 
E 
." 
0 
CII 
u 
t 
." 
a. 
o (") 
lOoO) 
.- C\l ,~ 
§ct> 
,- 0 0) 10 :0::; a. 
> CIl (/) 
~oQ) ________________________________________________________________ ~ ill OC ~
0 l{) 0 
V (") (") 
.;, 6 .;, 
(") (") C\J 
0 • 0 
.... 
0 
-
CJ 
co 
It) 
0 
C? 
It) 
0) 
...J VI l- e 
oCt E ... 
0 0 
-
(D 
e C') 
0 0 
:;:: (D 
::J N 
.0 0;: a: 
-
t-
o!!! .... 
c 
Q) 
;: 
N 
en 
(II 
(j 
1: 
co 
0-
IOhUI % 
l{) 0 
C\J C\J 
6 .;, 
C\J ~ 
• 0 
l{) 
~ 0 
6 ~ 
~ .;, 
0 
l{) 
6 
0 
o 
CD (") 
66PL9°9L9 
9SSWLP9 
E 
::l. 
~ 
GI 
Gi 
E 
ca 
0 
GI 
U 
t: 
ca Q. 
o 
C') 
10 0 <1) ~ C\J o~ 
§ct> 
0 - 0 <1) ro :;::: 0-
> CU III 
<1)-'" 
L. 
__________________________________________________________________________________ ~ - 0 <1) 
wa:a.. 
ApPENDICES 
Appendix 2 - Particle Size Contour Plots for Petter AAI 
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ApPENDICES 
Appendix 3 - First Sample Matrix Combined Results 
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Appendix 4 - Second Sample Matrix Combined Results 
30 
25 
20 
o 
> 15 c 
~ 
10 
5 
Changes in the Height of Size Bands vs Time 
for 570 
x 
O ~----+-----~----+-----+-----+-----~----~----~ 
o 60 120 180 240 300 360 420 480 
Run Time (Mlns) 
-+-0.76-0.81u size band 
_ S.8-7.8u size band 
---.- 0.81 u Sump 
~S.5uSump 
30 
25 
20 
g 
c: 15 
~ 
10 
5 
Changes in the Height of Size Bands vs Time 
for 57E 
O ~----~----~--~~--~-----+----~----~----~ 
o 60 120 180 240 300 360 420 480 
Run Time (Mlns) 
-+- 0.77-0.80u size band 
_ 6.7-11.0u size band 
-+-0.9u Sump 
"0 
> 
c: 
~ 
35 
30 
25 
20 
15 
10 
5 
Changes in the Height of Size Bands vs Time 
for 57F 
O +-----+-----+-----+-----+-----+-----+-----+-----~ 
o 60 120 180 240 300 360 420 480 
Run Time (Mlns) 
-+- 0.71-0.82u size band 
_5.8-12.2u size band 
-.....- 0.82u Sump 
40 
35 
30 
25 
'0 
> 20 c 
~ 
15 
10 
5 
Changes in the Height of Size Bands vs Time 
for 580 
O ~----+-----+-----+-----+-----+-----~----~----~ 
o 60 120 180 240 300 360 420 480 
Run Time (Mlns) 
-+- 0.68-0.78u size band 
_ 5.6-14.5u s ize band 
-'-O.68u Sump 
'0 
> 
c: 
~ 
35 
30 
25 
20 
15 
10 
5 
Changes in the Height of Size Bands vs Time 
for 58E 
O ~----+-----+-----+-----+-----~----~----~----~ 
o 60 120 180 240 300 360 420 480 
Run Time (Mlns) 
-+-0.68-0.78u size band 
_ B.6-14.2u size band 
........... O.77u Sump 
0 
> 
c 
~ 
35 
30 
25 
20 
15 
10 
5 
Changes in the Height of Size Bands vs Time 
for 58F 
o ~----~-----+----~----~~----+-----~----~-----+--
o 60 120 180 240 300 360 420 480 
Run Time (Mlns) 
-'-O.77-0.79u size band 
_ 7.4-16.2u size band 
--"'- 0.81u Sump 
ApPENDICES 
Appendix 5 - Thermogravimetric Analysis Results 
57D TGA Soot Values 
Sump = 0.469% 
TRZ 60min = 0.401% 
TRZ 120min = 0.572% 
TRZ IS0min = 0.462% 
TRZ 240min = 0.544% 
TRZ 300min = 0.505% 
TRZ 360min = 0.412% 
TRZ 420min = 0.472% 
TRZ 4S0min = 0.450% 
57£ TGA Soot Values 
Sump = 0.337% 
TRZ 60min = 0.647% 
TRZ 120min = 0.497% 
TRZ ISOmin = 0.48S% 
TRZ 240min = 0.426% 
TRZ 300min = 0.600% 
TRZ 360min = 0.599% 
TRZ 420min = 0.509% 
TRZ 480min = 0.599% 
57F TGA Soot Values 
Sump = 0.918% 
TRZ 60min = 0.170% 
TRZ 120min = 0.456% 
TRZ 180min = 0.630% 
TRZ 240min = 0.604% 
TRZ 300min = O.SII % 
TRZ 360min = 0.445% 
TRZ 420min = 0.909% 
TRZ480min = 0.691% 
A V (120-480) = 0.49% 
AV (120-480) = 0.53% 
AV (120-480) = 0.65% 
58D TGA Soot Values 
Sump = 0.706% 
TRZ 60min = 0.669% 
TRZ 120min = 0.821 % 
TRZ 180min = 0.316% 
TRZ 240min = 0.727% 
TRZ 300min = 0.802% 
TRZ 360min = 0.882% 
TRZ 420min = 0.952% 
TRZ 480min = 0.867% 
58E TGA Soot Values 
Sump = 0.694% 
TRZ 60min = 0.696% 
TRZ 120min = 0.533% 
TRZ 180min = 0.660% 
TRZ 240min = 0.672% 
TRZ 300min = 0.569% 
TRZ 360min = 0.533% 
TRZ 420min = 0.736% 
TRZ 480min = 0.500% 
58F TGA Soot Values 
Sump = 0.482% 
TRZ 60min = 0.639% 
TRZ 120min = 0.784% 
TRZ 180min = 0.589% 
TRZ 240min = 0.471 % 
TRZ 300min = 0.438% 
TRZ 360min = 0.607% 
TRZ 420min = 0.440% 
TRZ 480min = 0.278% 
AV (120-480) = 0.77% 
A V (120-480) = 0.70% 
AV (120-480) = 0.52% 
